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 Benzopyrans and tetrahydroquinolines are motifs commonly found 
in natural products and pharmaceuticals.  Each of these privileged scaffolds have 
a common benzomethane moiety.  Iron (III) salts generate benzomethane 
intermediates from o-hydroxybenzyl alcohols or o-aminobenzyl alcohols under 
mild reaction conditions.  These in situ generated intermediates can be trapped by 
olefins in a [4+2] cycloaddition reaction.  Furthermore, isolation of unsymmetrical 
di- and triaryl methanes from a reaction with o-hydroxybenzyl alcohols and 
methyl eugenol demonstrate Friedel-Crafts reactivity with the benzomethane 
intermediates.    
 
 x 
In this work, a one-pot, multicomponent reaction with phenols, aldehydes, 
and olefins provide efficient access to benzopyrans.  Iron (III) salts mediate the 
initial benzomethane formation in a Friedel-Crafts alkylation between a phenol 
and aldehyde. The in situ generated benzomethane is trapped with an olefin to 
afford a benzopyran with rearomatization as the thermodynamic driving force of 
the reaction. The reaction is tolerant of electron-rich phenols, aromatic, aliphatic, 
and heterocyclic aldehydes and electron-rich olefins.  
The synthesis of Psiguajadial F demonstrates the utility of the two-
component methodology of o-hydroxybenzyl alcohols and olefins.  Psiguajadial F 
is a meroterpenoid natural product isolated from Psidium guajava.  To date 26 
meroterpenoid natural products have been isolated from Myrtaceae L. many of 
which have demonstrated potent biological activity against cancer cell lines.  The 
synthetic challenges in Psiguajadial F include a bicyclo[4.3.1]decane, two 
quaternary carbons, five rings, three contiguous stereocenters about the pyran B-
ring and a trans-cyclobutane.  The core B-ring of the natural product is assembled 
in a convergent step using a o-hydroxybenzyl alcohol and an olefin. The 
penultimate benzyl deprotection and diformylation steps completed the synthesis.  
In collaboration, a cell viability assay determined the cytotoxicity of the synthetic 
material against liver cancer cells. 
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Reactions of Benzomethane Intermediates and Olefins in the Synthesis of 
Benzopyrans, Tetrahydroquinolines and Triaryl Methanes 
 
Introduction 
 Benzopyrans are common motifs found in many natural products and 
pharmaceuticals.1  Benzomethane intermediates, such as ortho-quinone methides 
(oQM’s), are often employed to access benzopyrans.1-5  oQM’s are reactive 
intermediates that have been proposed in biosynthetic pathways to form natural 




emerged as appealing synthetic intermediates, to access privileged scaffolds such 
as benzopyrans, benzofurans, coumarins, and chromenes.3 Likewise, amine 
benzomethane intermediates, known as aza-ortho-quinone methides (aza-oQM’s), 
have demonstrated utility to access corresponding tetrahydroquinolines, 
quinolinones, and indoles. 5 
   
Background 
 
ortho-Quinone methides and aza-ortho-quinone methides as reactive benzomethane 
intermediates  
 
1. Stable ortho-quinone methides and ortho-quinone methide precursors 
 
ortho-Quinone methides (oQM’s) have been postulated in the literature as 
early as 1907.8 Lenord Jurd synthesized the first isolable oQM in 1977 in 
quantitative yield using silver oxide from the corresponding phenol (Figure 1. 1).9  
The resulting oQM was bench stable and characterized by melting point, mass 
spec, IR, and 1H NMR.  The authors pointed to the cinnamylidiene as a source of 




borohydride in methanol provided the initial phenol 1.1, further supporting its 
structure.   
Amouri and coworkers reported the first crystal structure of a metal 
coordinated ƞ4-oQM in 1988 (Figure 1. 2).10 They synthesized several oQM’s with a 
base deprotonation method using potassium t-butoxide.  Their crystal structure of 
the unsubstituted oQM 1.4a provides evidence to support their existence.   
 
 
Figure 1. 1. Jurd’s synthesis of oQM (1.2) with silver oxide. 
 
Figure 1. 2. Iridium coordinated oQM characterized by x-ray crystallography  
 
 The reactivity of vinyl oQM’s such as 1.2 has gathered much attention. The 
Trauner lab was interested in acid catalyzed oxa-6π-electrocyclizations of vinyl 
oQM’s (Figure 1. 3). 11  They began with a prenyl substituted phenol 1.5 and in the 




solved crystal structure provided evidence for the cyclization with the terminal 
trisubstituted olefin yielding a benzopyran.  This was the first example of a crystal 
structure containing an exocyclic oQM.  
 
 
Figure 1. 3. Trauner’s oQM crystal structure 1.6 , first example of an exocyclic oQM.   
 
oQM’s are often described in the literature as ephemeral intermediates.  In 
a review, Pettus and coworkers highlight the challenge associated with these 
molecules. 4   
Compared with their isomeric para-quinone methide (p-QM) 
counterparts, o-QMs display a greater charge dipole and prove less 
stable and more reactive. Most are nonisolable and tend to self-
destruct through dimerization or reactions with unintended 
nucleophiles. When they are stable and isolable or masked by metal 
complexation, then they undergo the usual reactions associated with 
a reactive unsaturated ketone or π-allyl species, including catalyzed 




catalysts aimed at enhancing their reactivity usually lead to more 
rapid self-destruction than to favorable asymmetric induction. 
For this reason, harsh reaction conditions are often employed in reactions with 
proposed oQM’s.   
 Orville Chapman’s seminal total synthesis of carpanone demonstrated the 
utility of oQM’s in synthesis.12  His strategy utilized an in situ generated oQM 
intermediate in a biomimetic synthesis of a naturally occurring benzopyran.  
Potassium t-butoxide isomerized the allyl phenol 1.7 to the vinyl phenol 1.8, which 
was dimerized via a palladium (II) chloride cycloaddition to form 1.10.  The rapid 
synthesis sets five contiguous stereocenters in one step without the formation of 
epimers or diastereomers and x-ray analysis confirmed the stereochemistry of the 
resulting dimer.   
 





2. Substituent effects on the stability and reactivity of ortho-quinone 
methides 
 
ortho-Quinone methides are known to participate in several classes of 
reactions such as [4+2] cycloadditions, 1,4-conjugate additions, and 
electrocyclizations.13-17 oQM’s may be depicted in several forms such as a diradical, 
a polarized zwitterion or a conjugated hetero-diene (Figure 1. 5).4  These polarized 
intermediates have more of the electron density localized on the oxygen and the 
methide carbon is the electrophilic site of the molecule.   
In the presence of nucleophiles, a 1,4 addition will occur at the methide 
carbon with rearomatization as the thermodynamic driving force.  This reactivity 
affords o-substituted phenols.  A cycloaddition reaction can occur with electron-
rich olefins in an inverse electron-demand, hetero-Diels Alder reaction.  This 
reactivity provides access to benzopyrans.  If the pendant R1 substituent is vinyl, 
an intramolecular oxa-6π electrocyclization reaction can occur to furnish 2H-






Figure 1. 5. Canonical forms of ortho-QM‘s and their reactivity.4  
 
Rokita and coworkers studied the electronic effect of substituents on the 
stability and reactivity of oQM’s ( Table 1. 1).18 They synthesized morpholino-QM 
precursors (QMP) 1.19 and examined the t1/2 in water by monitoring the 
consumption of the QMP and the formation of the benzyl alcohol adduct 1.21 by 
HPLC.  They tested the effect of electron-donating and electron-withdrawing 
substituents at the 4’ and 5’ positions on the aromatic ring.  In their studies, QMP-
1a did not react even at 100 °C for 3 hours ( Table 1. 1, entry 1).  QMP-2a, reacted 
slowly, and increased reaction temperatures were necessary for the reaction to 
occur ( Table 1. 1, entry 2).  The unsubstituted QMP-3a precursor reacted a lower 
temperature, 50 °C ( Table 1. 1, entry 3).  The greatest difference was observed with 




quickly at room temperature.  Interestingly, the electron donating group at 5’ 
position was faster than the similar 4’ substrate.  Their studies demonstrated that 
precursors bearing an electron-donating substituent reacted faster and at lower 
temperatures than those with an electron-poor substituent.  Additionally, the 5’ 
position had a more dramatic effect on the rate of the reaction than the 4’ position.  
They reasoned this is because the 5’ position can participate in resonance with the 
methide carbon. Thus, the electronic nature of the substituent at the 5’ position can 
stabilize or destabilize the methide carbon.   
 
 




t1/2 of QM (min) in 
H2O 
1a CO2CH3 H 1b 100 Stablea 
2a H CO2CH3 2b 100 149 
3a H H 3b 50 115 
4a H OCH3 4b 22 11 
5a OCH3 H 5b 22 4 
a No benzylic alcohol was detected by HPLC.   





3. Utility of oQM’s in synthesis 
 
The Pettus lab developed a facile method for oQM formation using 
Grignard additions to Boc-protected salicylaldehydes.19  They applied their 
process in a formal synthesis of (+)-tolterodine using a chiral vinyl ether dienophile 
(Figure 1. 6).  In this addition protocol, they generated a bulky -OBoc leaving 
group through an intramolecular O-O Boc migration.  After elimination of the -
OBoc substituent, they proposed the formation of an oQM intermediate which 
reacts with the chiral vinyl ether in a [4+2] cycloaddition reaction.   
 
 






The Wilson lab reported a synthesis of xyloketal D, a secondary metabolite 
isolated from a mangrove fungus (Figure 1. 7).20  Their oQM precursor features a 
pendant morpholine substituent.   In the presence of MeI, the morpholine forms 
the quaternary amine salt at elevated temperatures.  The ammonium is eliminated 
forming an in situ oQM which is trapped with a dihydrofuran to afford the natural 
product in 24% yield after eight days.  
 
 
Figure 1. 7. Wilson’s xyloketal D synthesis. 
 
 Cytosporolides A-C initially drew interest from the synthetic community 
due to their moderate biological activity against gram-positive bacteria.21  The 
fungal meroterpenoids were isolated from Cytospora sp. The original proposed 
structure for cytosporolide A contained a peroxylactone 1.39b.21  After the studies 
conducted by the George lab with phenol, triethyl orthoformate and -
caryophyllene they isolated 1.37.22  Their reaction required an ethyl alkoxide 
leaving group for the oQM precursor.  After saponification they isolated and 




studies, they proposed a revised structure for cytosporolide A and suggested the 
biosynthesis utilizes an oQM intermediate.  The first total synthesis of 
cytosporolide A was completed by Tadano and coworkers in 2015.23  They used a 
biomimetic approach with an oQM precursor and (-)-fuscoatrol A.  Their spectral 
data confirms the structural assignments by George to be correct.   
 
 
Figure 1. 8. George’s oQM generation with triethyl orthoformate and synthesis of 





 The examples highlighted by Pettus, Wilson, and George demonstrate the 
utility of oQM’s in the synthesis of biologically active molecules (Figure 1. 6 - 1. 
8).19,20,22  Each of these approaches emphasizes the use of oQM precursors with 
bulky pendant alkoxy leaving groups.  The Wilson and George examples also 
feature elevated reaction temperatures and increased reaction times (8 days and 
18 h respectively).20,22  Further studies are warranted in the area of oQM chemistry, 
especially those that proceed under mild reaction conditions with an improved 
atom economy.    
Previous oQM studies in the Schaus lab include the use of aryl-2H-
chromenes and o-hydroxybenzyl ethyl ethers as oQM precursors (Figure 1. 9, Eq. 
1).24, 25  In 2012 Dr. Yi Luan tested chromenes in the presences of iron trichloride to 
perform a retro [4+2] electrocyclization in which the generated oQM reacted with 
a second chromene in a dimerization pathway.24  Using this approach, (±)-
dependensin 1.46 was isolated a single diastereomer in 62% yield (Figure 1. 9, Eq. 
2).  Additionally, with olefins, the oQM would react to form benzopyrans 1.43 in a 






Figure 1. 9. Synthesis of (+)-dependensin  
 
In a second publication by Luan and Schaus, o-hydroxybenzyl ethyl ethers 
where studied as oQM precursors in experiments with 3,3’-Br2-BINOL (Table 1. 
2).25  Nucleophilic additions of alkenyl boronates 1.48 furnished 2-styryl phenols 
1.49 in excellent yields and selectivities.  The alkoxy leaving group afforded 
excellent enantioselectivies, as compared to the hydroxide leaving group (Table 1. 
2, entries 3,4 v. 1,2).  The free phenol (R1) was necessary for reactivity (Table 1. 2, 






entry catalyst R R1 yield er 
1 a H OH 53% 75:25 
2 a H OH 71% 80:20 
3 b Et OH 95% 95:5 
4b b Et OH 92% 97.5:2.5 
5 c Et H 0%  
6 d Et OCH3 0%  
Reactions were run with 0.1M, isolated yields, enantiomeric rations were determined by 
HPLC analysis. d with 4 Å molecular sieves.  e 4 °C 
Table 1. 2 Enantioselective additions of alkenyl boronates to in situ generated ortho-quinone 
methides 
 
Reuping, Schneider and Shi have studied chiral phosphoric acid catalyzed 
methods to synthesize benzopyrans.26-28   In each report, the authors selected a 
specific class of dienophile to demonstrate their method.  Reuping examined 
electron-rich o-hydroxybenzyl alcohols and styrenes to afford enantioriched 
chromans catalyzed by N-triflyl chiral phosphoric acid catalysts (Figure 1. 10).26  
Each of their substrates featured a pendant alkoxy substituent which assisted with 





Figure 1. 10.  Reuping’s approach to chromans using styrenes.   
 
Chiral phosphoric acid catalysis was also exploited by Shi in an approach 
to benzopyrans (Figure 1. 11).27  Their method relied on o-hydroxybenzyl alcohols 
featuring electron-rich and electron-deficient substituents.  Moreover, their 
substrate scope explored the pendant R2 position and they tested both aromatic 
and aliphatic substituents.  Their olefin scope was limited to vinyl indoles, and this 
substrate afforded benzopyrans with three contiguous stereocenters in high 
enantio- and diastereoselectivities.   
 
 





4. aza-ortho-Quinone methides in synthesis 
 
Our group and others have postulated the effect of the ortho-hydroxyl 
group and have wondered if other heteroatoms, such as nitrogen, can be used to 
access different privileged scaffolds.  The earliest documented evidence to support 
the existence of an aza-oQM was by Burgess in 1966.30  A photochemical reaction 
of triazine 1.51 provided bicyclo[4.2.0]octatriene 1.53 in 40% yield (Figure 1. 12, Eq. 
1).  A reaction with N-phenylmaleimide furnished tetrahydroquinoline 1.55 
(Figure 1. 12, Eq. 2).  In the discussion of the thermal reaction to afford 
tetrahydroquinolines, the authors suggested an aza-oQM as a reaction 
intermediate.   
 
 





 Corey presented a mild route to hydroquinolines using an aza-oQM 
intermediate.31. This protocol allows for a base-mediated elimination of HCl to 
generate a reactive aza-oQM intermediate (Figure 1. 13, Eq. 1).  Both inter- and 
intramolecular reactions to form hydroquinolines were studied.  In a follow-up 
publication, Corey demonstrated the utility of the method in a concise total 
synthesis of (±)-virantmycin 1.62, a natural product with antiviral biological 
activity (Figure 1. 13, Eq. 2).32. The basic conditions successfully installed the 









 Recently, amino benzyl alcohols have emerged as an aza-oQM precursor.  
Reuping and coworkers presented an aza-oQM method to access chiral triaryl 
methanes using indoles as the nucleophile.33  Initially, 2’-substituted, N-Me-indoles 
1.64 were utilized (Figure 1. 14, Eq. 1).  These indoles afforded triaryl methanes 
1.65 in 52-95% yields.  Later, 3’-substituted-N-Me indoles 1.67 were evaluated, 
which also afforded triaryl methanes, but as a different isomer 1.68 (Figure 1. 14, 
Eq. 2).  Both reactions were catalyzed by chiral N-triflyl phosphoric acid catalysts 





Figure 1. 14.  Reuping’s method to access triaryl methanes using chiral N-triflyl phosphoric 
acid catalysis. 
 
The Schneider lab reported a methodology to synthesize 
tetrahydroacridines via aza-oQM intermediates.34  Their substrate scope included 
amino benzyl alcohols with pendant R1 as electron-rich and electron-deficient aryl 




report to enamides 1.70.  These methods proceed with excellent yields and high 
levels of enantiocontrol catalyzed by a chiral phosphoric acid catalyst.   
 
 
Figure 1. 15 Schneider’s tetrahydroacridine methodology using chiral phosphoric acid 
catalysis.   
 
Results and Discussion 
Iron catalyzed reactions of benzomethanes and use in the synthesis of benzopyrans, 
chromenes and meroterpenoids 
 
1. Synthesis of benzopyrans  
 
 At the outset of our studies, experiments were initiated to determine if o-
hydroxybenzyl alcohols in the presence of metals and olefins would yield 




salicylaldehyde 1.72 (Figure 1. 16).  The pendant phenyl moiety has been discussed 
in the literature as a stabilizing group to the methide carbon due to conjugation.4      
 
 
Figure 1. 16. o-hydroxybenzyl alcohol preparation 
 
 Considering the success of Dr. Luan’s work, we began using iron trichloride 
to promote the formation of the benzomethane intermediate (Figure 1. 17).  In a 
preliminary result, the o-hydroxybenzyl alcohol 1.73 reacted with p-methoxy 
styrene 1.74 in the presence of anhydrous iron trichloride to afford benzopyran 
1.75 in 58% yield, 3:1 dr. Doubling the reaction time and adding an additional two 
equivalents of the dienophile did not result in higher yields, providing only 43% 
yield, 3:1 dr.  The slight decrease in yield could be due to the overall metal 
concentration being lowered as a result of the second addition of olefin which 
further dilutes the reaction.  Additionally, running the reaction with 1:1 diol and 






Figure 1. 17.  Initial reactions with o-hydroxybenzyl alcohol and p-methoxy styrene. 
 
 In light of the initial success, additional Lewis acids were tested to promote 
the formation of benzopyrans (Table 1. 3).  MgCl2 was unreactive, generating <5% 
yield.  Pd(TFA)2 was chosen as a π-philic metal, with the intention to stabilize the 
resulting oQM intermediate.35  This metal afforded 22% yield of the desired adduct.  
Iron trichloride furnished the benzopyrans in higher yield, 36% with the 
hexahydrate after 6 hours.  Efforts were made to limit the water in the reaction.  
Anhydrous iron trichloride provided a higher yield, 57% yield, 4:1 dr.  The 




of the product. The effect of HCl was probed by generating dry HCl with TMSCl 
and MeOH.  The isolated yield of this control reaction was 26% after one hour.  
These results suggest mechanistic pathways via both Brønsted and Lewis acid 
catalysis.   
 
 
entrya catalyst solvent time (h) yield (%) b drc 
1 MgCl2 CH2Cl2 1 <5 - 
2 Pd(TFA)2 CH2Cl2 5 22 2:1 
3 FeCl3•6H2O CH2Cl2 6 36 6:1 
4 FeCl3 CH2Cl2 0.5  58 3:1 
5 FeCl3 CH2Cl2 1 57 4:1 
6 FeCl3 THF 1 17 5:1 
7d FeCl3, 4 Å MS CH2Cl2 1 28 1:1 
8 TMSCl/MeOH CH2Cl2 1 26 4:1 
9e FeCl3 CHCl3 1 77 4:1 
10f FeCl3 CHCl3 1.3 82 4:1 
a. Reaction conditions: diol (0.5 mmol, 1 equiv), p-methoxystyrene (2 equiv), catalyst (10 mol 
% with respect to diol) and 0.5 M with respect to diol, 0 °C to rt. b. Isolated yields. c. 
diastereomeric ratio determined by 1H NMR d.  4 Å MS (200 mg), e CHCl3 stabilized with 
ethanol f. CHCl3 stabilized with amylenes. 
Table 1. 3. Metal mediated reaction between o-hydroxybenzyl alcohol and p-methoxy styrene 





 Different solvents were evaluated in the reaction during the course of 
optimization.  Non-polar halogenated solvents worked well, with DCM as the 
solvent, the reaction proceeded in moderate yields (58% yield and 57% yield 
respectively at 30 minutes and 1 hour). Chloroform performed better than DCM 
and furnished the product in 77% yield, possibly due to trace HCl in the 
chlororom.  A coordinating solvent, THF did not work well in the reaction, as after 
1 hour, only 17% yield was isolated.  Protic solvents were not investigated as these 
are known to react with oQM’s in 1,4 addition reactions.  The chloroform result 
was further investigated, as this reaction proceeded in high yield, albeit along with 
the formation of a new byproduct (Figure 1. 18, Eq. 1).  After 1 hour, an ethyl side 
product formed during the reaction.  Studies were designed to determine the 
source of the ethyl group.  The side product was also isolated in 6% yield when 
the o-hydroxybenzyl alcohol starting material was stirred in ACS grade 
chloroform, with 4 Å MS.  ACS grade chloroform is stabilized by 0.75% ethanol.36  
The control reaction demonstrated the stabilizer was hindering the product yield 
by reacting with the oQM in a side reaction via a 1,4-addition of the alcohol.  After 
comparison of the 1H NMRs, the side product was confirmed to be the diphenyl 
ethyl ether.16  Selecting a chloroform solvent stabilized with amylenes 






Figure 1. 18.  Chloroform control study with ACS chloroform stabilized with ethanol.   
 
 The optimized reaction conditions were applied to electron-rich and 
electron-deficient o-hydroxybenzyl alcohols in experiments with indene (Figure 1. 
19).  These reactions proceeded at 0 °C for 24 h.  The methoxy substituted diol 
proceeded with the highest yield, 85% yield, 4:1 dr of 1.79a.  The methyl-, chloro- 
and unsubstituted diols performed similarly with yields 77% - 81% yield. An o-
hydroxybenzyl alcohol with a pendant methyl was selected to synthesize a 
benzopyran with a pendant 4-alkyl substituent.  The pendant methyl substrate 
was anticipated to be a challenge as the methyl cannot stabilize the methide carbon 




1.79d in 76% yield and 5:1 dr.  A geminal dimethyl benzyl alcohol was tested and 
furnished a benzopyran with a quaternary carbon in 72% yield.   
 
 
Figure 1. 19. Diol substrate scope  
 
The reactions with indene afforded a mixture of two diastereomers 
representing the endo- and exo- products of a [4+2] cycloaddition.  The 
predominant diastereomer with indene was the endo- adduct, forming a 
benzopyran with three contiguous stereocenters.  The pyran coupling constants 
supports the assignment of the predominant diastereomer with JAB = 5.0 Hz and JBC 




The relative olefin geometry was conserved in the course of the reaction, 
supporting a concerted reaction mechanism.   
Next, reactions were designed to test the compatibility of other olefins.  -
Methyl styrene and 1,1’-diphenyl ethylene were excellent dienophiles with yields 
of 97% and 93% respectively.  p-Methoxystyrene and styrene proceeded 
moderately in the reaction.  Lastly, N-acyl indole was utilized, but only 25% yield 
of one diastereomer of 1.81d was obtained.  More polar decomposition adducts 
were observed.  We hypothesized that deacylation was occurring as well as further 
decomposition of the pyran ring.  Efforts were made to avoid the decomposition, 
such as changing the workup, reaction temperature, and time.  Unfortunately, 
none of these changes were successful.  The isolation of this compound is quite 
remarkable and compliments Reuping’s method as he consistently isolated the 






Figure 1. 20. Substrate scope with electron-rich dienophiles 
 
Additionally, styrene and p-methoxy styrene were tested with the o-
hydroxybenzyl alcohols (Figure 1. 21).  Benzyl alcohols with pendant methyls 
were also tested in the reaction with p-methoxy styrene, and poor yields were 






Figure 1. 21. Additional benzopyrans synthesized with styrene and p-methoxy stryrene  
 
2. Benzomethane reactivity with -ketoesters and pentanedione: tunable 
access to chroman acetals and chromenes 
 
 Electron-rich styrene dienophiles performed well in the reaction to afford 
benzopyrans.  trans-Cinnamaldehyde was selected to further expand the scope of 
the method to afford benzopyrans as a functionalization handle for future 
transformations.  Under the reaction conditions tested, no reaction occurred.  The 






Figure 1. 22.  o-Hydroxybenzyl alcohol and cinnamaldehyde 
 
  -Ketoesters and pentanedione were evaluated as olefin partners to expand 
the substrate scope.  Methyl acetoacetate reacted through the enol tautomer to 
afford an isolable hemiacetal with three stereocenters in 76% yield, 10:3:1 dr 
(Figure 1. 23).  This experiment demonstrates the tolerability of the reaction.  We 
envisioned that this adduct could be utilized in further transformations.  Ethyl 
acetoacetate provided a similar hemiketal and was immediately subjected to 
reducing conditions with triethylsilane and BF3•OEt2 (Figure 1. 24, Eq. 1).  This 
reaction afforded benzopyran 1.89 with three contiguous stereocenters in 67% 
yield over two steps.  Likewise, 2.4-pentanedione yielded hemiactel with a ketone 
moiety intact.  Upon isolation, this adduct was refluxed in PTSA with a Dean-Stark 
trap to furnish the 4-H-chromene 1.92 in 91% yield over two steps (Figure 1. 24, 
Eq. 2).  The products of these reactions featured 3-carbonyl functional groups that 






Figure 1. 23. o-Hydroxybenzyl alcohol and methyl acetoacetate affords a benzopyran with an 
ester and hemiacetal moiety.  
 
 
Figure 1. 24.  Reactivity and utility with -ketoesters and 2,4-pentanedione.  
 
3. Synthesis of meroterpenoids 
 
 Biomimetic natural product syntheses, such as George’s synthesis of 
cytosporlide A, encouraged us to explore other olefins and test terpenes.22  
Previous studies included electron-rich olefins such as cyclic and acyclic styrene, 
indole, -ketoester and pentanedione.  Experiments were designed to determine if 




-pinene 1.93 was selected as a bridged cyclic alkene.  This olefin reacted with the 
unsubstituted o-hydroxybenzyl alcohol to form a meroterpenoid in 59% yield, 3:1 
dr (Figure 1. 25, Eq. 1). The product was fully characterized by NMR, and NOESY 
confirmed the major diastereomer to be the exo adduct.  This is supported in the 
literature, due to the sterics of -pinene as a caged dienophile.  A sesquiterpene, 
-caryophyllene 1.36, was chosen to test the regioselectivity of the reaction.  Under 
the reaction conditions, the endocyclic olefin reacted exclusively in this reaction, 
leaving the exocyclic olefin intact (Figure 1. 25, Eq. 3).  The cyclic nonene is 
strained, and reactivity at the internal olefin relieves the ring strain.37, 38  Moreover, 
the fused cyclobutane crowds the area around the exocyclic olefin, making 
reactivity at that site unfavored due to sterics.  -Humulene was chosen to further 
test the olefin selectivity (Figure 1. 25, Eq. 4).  This commercially available cyclic 
sesquiterpene contains three trans-olefins; thus there is potential for the reaction 
to occur at three sites of this molecule.39  Furthermore, this hydrocarbon is found 
in meroterpenoid natural products such as guajadial B.53 The reaction furnished 






Figure 1. 25.  Substrate scope with terpenoid olefins  
 
Applications of the iron mediated benzomethane formation for use in triarylmethane 
preparation 
 
 In the course of our studies, methyl eugenol 1.99 was chosen as a dienophile 




with an allyl group to generate a benzopyran.  In this experiment the aryl group 
added to the oQM, leaving the allyl substituent untouched.  After full 
characterization, the product was proposed to be triaryl methane 1.100.  We 
rationalized the methyl eugenol participated in the reaction as a nucleophile with 
the in situ generated oQM in a Friedel–Crafts reaction.   
 
 
Figure 1. 26.  Preliminary result with methyl eugenol.   
 
 Different metals promoted the reaction with an o-hydroxybenzyl alcohol 
and methyl eugenol to afford a triaryl methane (Table 1. 4).  Anhydrous iron 
trichloride performed the best in 42% yield.  Iron trichloride hexahydrate and 
ruthenium trichloride hydrate also mediated the aryl methane formation in 38% 
yield, and 33% yield respectively.  Aluminum trichloride and scandium triflate 
formed the product in poor yields.  No product was isolated when triethyl borate 






entrya metal yieldb 
1 FeCl3 42% 
2 FeCl3•6H2O 38% 
3 RuCl3•H2O 33% 
4 AlCl3 15% 
5 Sc(OTf)3 15% 
6 B(OEt)3 NR 
7 None NR 
a. The reactions were run with 0.5 mmol of 1.73, 2.0 equiv 1.99 and 10 mol % 
metal salt for 24 h at 60 °C.  b. Isolated yield after chromatography purification 
by Si2O. 
Table 1. 4. Metal Screen for the synthesis of triaryl methanes 
 
 Other diols performed well in this reaction (Figure 1. 27).  The 4-methoxy 
o-hydroxybenzyl alcohol achieved triaryl methane 1.101 in 74% yield (Figure 1. 27, 
Eq. 2).  The 4-Br-diol generated triaryl methane 1.102 in 95% yield after 24 hours 
(Figure 1. 27, Eq. 3).  This result was appealing as the aryl bromide could be further 
functionalized in a cross-coupling reaction.  Lastly, a diol with the pendant methyl 
group 1.73e provided a diaryl methane in 17% yield (Figure 1. 27, Eq. 4).  The low 
yield for this reaction is not surprising as oQM precursors without a pendant 
phenyl moiety are known to be more reactive and can often oligomerize in a 





Figure 1. 27. Synthesis of triaryl and diaryl benzomethanes.   
 
Metal catalyzed generation of benzomethanes from ortho-amino benzyl alcohols: 
synthesis of tetrahydroquinolines 
 
 The aforementioned results by Reuping and Schneider with ortho-amino 
benzyl alcohols motivated us to test 1.106 in our method. 33,34 The starting 




benzyl protection of the amine proceeded in 73% yield followed by a sodium 
borohydride reduction of the ketone.  The reduction step often proceeded in low 
yield to moderate yield.   
 
 
Figure 1. 28.  o-Amino benzyl alcohol preparation from 2’-amino benzophenone 
 
Initially, the 1.106 was prepared in the above two-step process and, the 
yields were variable.  A precedent from the Al-Qawasmeh and coworkers showed 
a sequential addition protocol to access an amine substrate in 70% yield.40 
 
 





 This procedure was applied to our substrate and allowed efficient access 
to the o-amino benzyl alcohol in one step.  The convergent stepwise approach 
generated the desired amino alcohol 1.109 in 74% yield from commercially 
available starting materials (Figure 1. 30).   
 
 
Figure 1. 30.  A one-step procedure for the o-aminobenzyl alcohol preparation  
 
In an initial experiment, the reaction between the amino benzyl alcohol 
1.109 and p-methoxy styrene 1.74, mediated by iron trichloride, formed a 
tetrahydroquinoline 1.110 in 30% yield as a single diastereomer.  NOESY and 
gCOSY NMR experiments were analyzed, and the relative stereochemistry was 
determined to be syn, based on a spatial NOESY correlation in the 2D NMR 






Figure 1. 31.  Preliminary result with an ortho-amino benzyl alcohol to generate a 
tetrahydroquinoline. 
 
Other metals were investigated to promote this reaction.  Scandium triflate 
afforded an improved product yield of 46%.  ZrCl4 generated the 
tetrahydroquinoline in the highest yield to date, 60% as a single diastereomer.  
Copper triflate and ruthenium trichloride mediated the reaction albeit in 
diminished yields (28% and 27% respectively). 
 
 
entrya Metal Yield 1.110b 
1 FeCl3 30% 
2 Sc(OTf)3 46% 
3 ZrCl4 60% 
4 Cu(OTf)2 38% 
5 RuCl3 27% 
a. The reactions were run with 0.5 mmol of 1.109, 2.0 equiv 1.74 and 10 mol % 
metal salt for 24 h at rt.  b. isolated yield after chromatography purification by 
Si2O.  






 The first bench stable oQM was synthesized by Jurd in 1977, and the field 
of organic chemistry has utilized these intermediates in the synthesis of 
benzomethanes.  Early syntheses featuring oQM intermediates often proceed with 
increased temperatures, long reaction times and harsh experimental conditions.  
Moreover, Pettus and coworkers emphasized the difficulty in using these 
intermediates claiming, “most are nonisolable and tend to self-destruct through 
dimerization or reactions with unintended nucleophiles.”4 
The utility of oQM’s has dramatically improved, with the development of 
more oQM precursors and simpler methods of oQM generation.  In this chapter, 
we have disclosed our studies with o-hydroxybenzyl alcohols and iron trichloride 
as a means to access benzopyrans.  The scope of this method encompassed o-
hydroxybenzyl alcohols with electron-donating substituents and electron-poor 
substituents.  The reaction affords benzopyrans with a pendant phenyl substituent 
as a mixture of diastereomers with yields as high as 95%.  However, the more 
challenging pendant methyl diol reacted with indene in 76% yield which further 
expands the scope of the method to include pendant alkyl groups.  Evaluation of 




terpenes. Iron trichloride was found to be the optimal metal to mediate the 
reaction.  Aza-oQMs were also explored to determine if substrates with a different 
heteroatom could undergo the transformation.  In early studies, an o-amino benzyl 
alcohol reacted with p-methoxy styrene in the presence of metals to afford a 
tetrahydroquinoline as a single diastereomer.  Overall, this method affords the 
ability to access sterically and electronically diverse scaffolds with the ability to 









All 1H NMR and 13C NMR spectra were recorded using an Agilent 500 MHz 
VNMR spectrometer featuring a Varian ultra shielded magnet at ambient 
temperature in CDCl3 unless otherwise noted.  Select 1H NMR and 13C NMR 
spectra were recorded on an Agilent 400 MHz VNMR unity plus spectrometer 
with an Oxford Instruments superconducting magnet.  Chemical shifts were 
reported in parts per million relative to the CDCl3 as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 
broad), and coupling constants and integration.  Infrared spectra were recorded 
on a Nicolet Nexus 670 FT-IR ESP spectrophotometer. Optical rotations were 
recorded on an AUTOPOL III digital polarimeter at 589 nm, at room temperature, 
and were reported as [α]T CD (concentration). High-resolution mass spectra were 
obtained using a Waters Q-TOF API US by electrospray (ESI) at the Boston 
University Chemical Instrumentation Center.  Mass correction was done by an 
external reference using a Waters Lockspray accessory.  This mass spectrometer 
was purchased with funding from the National Science Foundation (CHE 




SORBTECH 0.25 mm Silica Gel HL TLC Plates w/UV 254.  Flash chromatography 
was performed using ZEOprep 60 ECO 40-63 m ZEOCHEM silica gel or Sigma 
Aldrich Alumina Oxide.  All reactions were run in oven-dried glassware with 
magnetic stirring.   
 
HPLC grade toluene, methylene chloride, diethyl ether and 
tetrahydrofuran were purchased from Fischer and Sigma Aldrich and were dried 
by passing through a Solvent Purification System. Anhydrous chloroform 
stabilized with amylenes purchased from Sigma Aldrich was used as solvent for 
the reactions affording chromans.  Reagents were purchased from Sigma Aldrich, 
Strem, Alfa Aesar and TCI America and were used without further purification 










An oven dried round bottom flask equipped with a magnetic stir bar was charged 
with phenol (5 mmol) sealed with a rubber septa and flushed with N2.   The 
material was dissolved in 25 mL of dry MeCN. After dissolution, MgCl2 (7.5 mmol, 
1.5 eq.), and NEt3 (18.75 mmol, 3.75 eq.) were added sequentially, at which time, 
paraformaldehyde (33.75 mmol, 6.75 eq.) was added.  The solution was heated to 
reflux and monitored by TLC.  After completion the reaction flask was cooled to 
room temperature and quenched with a 10% HCl (aq) solution. The biphasic 
reaction was extracted with 3 x 15 mL diethyl ether.  The combined extracts were 
washed with saturated sodium chloride.  The organic phase was dried over 
anhydrous Na2SO4, filtered and concentrated by rotary evaporation. The crude 
product was purified by column chromatography over SiO2 with 99:1 to 97:3 
hexanes:EtOAc..1 
 
Diol preparation from salicylaldehyde derivatives with bromobenzene: 
 
 
                                                 




An oven dried flask equipped with a magnetic stir bar was charged with Mg 
turnings (0.717 g, 29.9 mmol), and an iodine crystal.  The round bottom was fitted 
with an oven dried reflux condenser and anhydrous diethyl ether (8.2 mL) was 
added. The mixture stirred for 5 minutes, and was treated dropwise with 
bromobenzene (2.45 mL, 24.6 mmol, 3 equiv). The Grignard mixture was allowed 
to stir at room temperature for 30-45 minutes. A solution of salicylaldehyde (8.2 
mmol, 1 equiv) in 41 mL of diethyl ether was added to the Grignard mixture slowly 
at 0 ˚C.  The reaction was monitored by TLC until completion and was quenched 
with NH4Cl (aq) (30 mL).  The reaction mixture was extracted with 2 x 30 mL Ether.  
The combined organic extracts were washed with brine, and dried over Na2SO4, 
filtered and concentrated under reduced pressure. The crude product was purified 
by column chromatography over SiO2 with 85:15 hexanes:EtOAc. The product was 
a white powder-like solid.  Diols were stored under argon in an -80 °C freezer.   
 
Diol preparation from salicaldehyde derivatives with methyl magnesium 







An oven dried round bottom flask equipped with a magnetic stir bar was charged 
with methyl magnesium bromide (3.0 equiv., 3.0 M in THF) and cooled to 0 °C in 
an ice bath. A solution of aldehyde (1.0 g) in 36 mL dry THF was added slowly 
over 15 min.  After 6 hours, the reaction was quenched with saturated NH4Cl.  The 
biphasic solution was extracted twice with ether.  The combined organic extracts 
were rinsed with brine, dried over anhydrous Na2SO4, filtered and concentrated.  
The crude product was purified by flash chromatography with SiO2 and eluted 
with 100 to 80:20 hexanes:EtOAc.  
 




An oven dried flask equipped with a stir bar was charged with methyl-magnesium 
bromide (7.34 mL, 29.4 mmol, 3.0 M in diethyl ether). A solution of 2-hydroxy 
acetophenone (884 µL, 7.34 mmol, 1 equiv), dissolved in 36.7 mL of diethyl ether, 




quenched with NH4Cl (35 mL) at 0 ˚C.  The biphasic solution was extracted with 2 
x 20 mL ether.  Combined organic extracts were washed with brine and dried over 
anhydrous Na2SO4. The product was filtered, concentrated under reduced 
pressure and was used without further purification.  The product is an off-white 
to yellow solid. The diols were stored under argon in a -80 °C freezer. 
 
General procedure for the two-component reaction of diols and dienophiles to 




To an oven dried flask equipped with a magnetic stir bar was added diol (1.0 
mmol, 1 equiv), dienophile (2.0 mmol, 2 equiv), anhydrous chloroform stabilized 
with amylenes 2.0 mL, and lastly anhydrous FeCl3 (16 mg, 10 mol% with respect 
to diol).  The reaction vessel was capped with a septa and parafilmed.  The 
reactions were monitored by TLC.  TLC conditions: silica plate, eluted with 85:15 
hexanes:EtOAc and stained with cerium ammonium nitrate stain.  Upon 




aqueous workup with saturated sodium bicarbonate.  Extracted with 3 x 30mL 
EtOAc, combined organic layers were rinsed with brine, dried over anhydrous 
Na2SO4, filtered and concentrated under reduced pressure.  Purified by flash 
chromatography with SiO2 and ethyl acetate in hexanes.   
 
General procedure for the two-component reaction of o-hydroxybenzyl alcohols 
and methyl eugenol to afford di- and triaryl methanes:  
 
Sample procedure: (1.100) To an oven dried test tube equipped with a magnetic 
stir bar was added o-hydroxybenzyl alcohol (100 mg, 0.5mmol, 1 equiv), 4-allyl-
1,2-dimethoxybenzene (.172mL, 1.0 mmol, 2 equiv) followed by 1mL 
Chloroform. The reaction stirred at rt until all the solid dissolved. Lastly FeCl3 
(8.1 mg, 10 mol% with respect to the diol) and the solution turned dark. The 
reaction vessel was capped with a septa and allowed to stir at 60 °C.  The 
reaction was monitored by TLC, TLC conditions 90:10 Hexanes: EtOAc, silica 
TLC plate, stained with CAM. The reaction was quenched after 24 hours with 
sat. sodium bicarb and extracted with 3X30mL EtOAc.  Combined organic layers 




was filtered and concentrated under reduced pressure.  Purified with column 
chromatography.  98:2 to 70:30 Hexanes:EtOAc, to afford 1.100 (0.0759g, 




2-(4-methoxyphenyl)-4-phenylchromane  (1.75): 
 The general procedure for the two-component reaction of diols and dienophiles 
to afford benzopyrans was followed. The reaction was run at 0 °C in an ice bath 
for two hours and allowed to stir at room temperature for an additional two hours. 
The reaction was monitored by TLC with conditions: 15% Ethyl Acetate in 
Hexanes, stained with CAM, silica plate. The reaction was quenched with a basic 
workup with saturated sodium bicarbonate and extracted with 3x30mL CHCl3.  
The combined organic layers were rinsed with brine, dried over anhydrous 
sodium sulfate and concentrated under reduced pressure.  The crude reaction was 
purified by flash chromatography, packed with silica and eluted with 98:2 
Hexanes:EtOAc.  (1.75) was isolated as a white solid, in 81% yield, 0.2562 g, 




1H NMR (500 MHz, CDCl3): δ 7.41 (d, J = 9.0 Hz, 2H), 7.32 (dd, J = 7.5, 7.5 Hz, 2H) 
7.27-7.22 (m, 3H), 7.12 (dd, J = 1.5, 8.5 Hz, 1H), 6.93(dd, J = 8.5, 3 Hz, 2H), 6.81-6.75 
(overlap, 2H), 5.17(dd, J = 1.7, 11.3 Hz, 1H), 4.35 (dd, J = 5.8, 12.1, 1H), 3.82 (s, 3H), 
2.38 (ddd, J =1.7, 5.8, 13.6 Hz, 1H), 2.29 (ddd, J =11.3, 12.1, 13.6)  
13C NMR (125 MHz, CDCl3): δ 159.4, 155.6, 144.6, 133.3, 129.8, 128.6, 128.6, 127.7, 
127.5, 126.7, 125.7, 120.5, 117.0, 114.0, 77.8, 55.3, 43.6, 40.4.  
IR (thin film, cm-1): 2918.28, 1513.57, 1483.80, 1452.01, 1244.09, 1227.23, 1177.95, 
1111.85, 1061.05, 1031.07, 1016.56, 758.74, 699.74. 







The structure is in agreement with the literature vales.2  
1H NMR (400 MHz, CDCl3): δ 8.30 (s, 1H), 7.37 – 7.27 (m, 5H), 7.22 – 7.16 (m, 1H), 
6.92 – 6.86 (m, 2H), 6.80 (q, J = 7.0, Hz, 1H), 1.31 (t, J = 7.0Hz, 3H). 
                                                 




13C NMR (101 MHz, cdcl3) δ 155.6, 140.2, 129.2, 128.7, 128.5, 128.1, 127.2, 125.0, 
119.7, 117.2, 84.9, 65.3, 15.1. 






 The general procedure for the two-component reaction of diols and dienophiles 
to afford benzopyrans was followed.  The reaction stirred at 0 °C for 2 hours and 
was then allowed to warm to room temperature.  The reaction ran for a total time 
of 24 hours.  The reaction was then quenched with a basic workup with saturated 
sodium bicarbonate.  Upon concentration of the organic layer, the crude reaction 
was purified by flash chromatography over SiO2 and an elution of 98:2 to 95:5 
hexanes:EtOAc (1.79a) was afforded as a clear oil, 85%, 0.2782 g, 0.847 mmol, 4:1 
dr.   
1H NMR (500 MHz, CDCl3): δ 7.54 (dd, J = 5.0, 4.0 Hz, 1H), 7.39-7.35 (overlap, 2H), 
7.32-7.29 (overlap 3H), 7.26-7.23 (overlap 2H), 7.13 (dd, J = 4.5, 3.5 Hz, 1H), 6.76 (d, 




= 5.0 Hz, 1H), 4.64 (d, J = 6.0 Hz, 1H), 3.63 (s, 3H), 3.07 (dddd, J = 10.0, 7.5, 6.0, 5.0 
Hz, 1H), 2.92 (dd, J = 15.5, 10.0 Hz, 1H), 2.50 (dd, J = 15.5, 7.5 Hz, 1H).  
13C NMR (125 MHz, CDCl3): δ 153.5, 150.0, 144.2, 142.3, 141.7, 129.4, 129.1, 128.5, 
126.8, 126.7, 125.2, 125.2, 124.9, 117.6, 114.3, 112.9, 81.4, 55.6, 45.5, 43.5, 33.6. 
IR (thin film, cm-1): 2955.10, 2919.32, 2897.53, 1489.03, 1464.79, 1450.51, 1423.38, 
1273.26, 1244.83, 1202.71, 1157.12, 1048.59, 947.46, 887.26, 820.05, 811.80, 756.90, 
739.38, 710.74, 703.36 







The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C for 2 hours, and 
then stirred at rt for a total stir time of 24 h. The reaction was quenched with a 




chromatography over SiO2 with an elution of 98.5:1.5 to 98:2 hexanes:EtOAc.  
(1.79b) was isolated as a white solid in 81% yield, 0.2530g, 0.810 mmol, 3:1 dr.  
1H NMR (500 MHz, CDCl3): δ 7.55 (m, 1H), 7.40-7.35 (overlap, 2H), 7.33-7.21 
(overlap, 6H), 7.14 (dd, J = 4.8, 3.5 Hz, 1H), 6.89 (ddd, J = 8.0, 1.5, 0.8 Hz, 1H), 6.75 
(s, 1H), 6.73 (d, J = 8.0 Hz, 1H), 5.46 (d, J = 4.5 Hz, 1H), 4.64 (d, J = 6.5 Hz, 1H), 3.04 
(dddd, J = 10.0, 7.5, 6.5, 4.5 Hz, 1H), 2.94 (dd, J = 15.5, 10.0 Hz, 1H), 2.46 (dd, J = 
15.5, 7.5 Hz, 1H), 2.17 (s, 3H)  
13C NMR (125 MHz, CDCl3): δ 153.9, 144.4, 142.5, 142.2, 129.7, 129.51, 129.48, 129.1, 
128.5, 128.1, 126.8, 125.2, 125.0, 123.5, 116.8, 81.1, 45.8, 43.2, 33.6, 20.7. 
IR (thin film, cm-1): 2917.47, 2903.54, 1515.40, 1492.32, 1485.17, 1453.18, 1244.61, 
1215.53, 815.15, 757.87, 749.47, 736.29, 701.27. 










The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C for 2 hours and 
stirred at room temp for a total reaction time of 24 hours.  The reaction was 
quenched with a basic workup and purified by flash chromatography with silica 
and eluted with 100 to 95:5 hexanes:EtOAc to afford (1.79c), 0.2650g, 0.796 mmol, 
80% yield, 3:1 dr, white solid. 
1H NMR (500 MHz, CDCl3): δ 7.53 (m, 1H), 7.42-7.21 (overlap, 7H), 7.16 (m, 1H), 
7.03 (ddd, J = 9.0, 2.7, 1.0 Hz, 1H), 6.92 (dd, J = 2.7, 1.5 Hz, 1H), 6.75 (d, J = 9.0 Hz, 
1H), 5.51 (d, J = 5.0 Hz, 1H), 4.62 (d, J = 6.0 Hz, 1H), 3.07 (dddd, J = 10.0, 7.0, 6.0, 5.0 
Hz, 1H), 2.92 (dd, J = 15.5, 10.0 Hz, 1H), 2.51 (dd, J = 15.5, 7.0 Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ 154.6, 153.7, 144.1, 142.2, 141.9, 141.7, 141.0, 129.32, 
129.28, 128.93, 128.88, 128.84, 128.78, 128.69, 128.67, 128.1, 127.6, 127.5, 127.13, 
127.08, 127.0, 126.9, 125.52, 125.48, 125.23, 125.20, 125.08, 125.05, 125.04, 125.03, 
118.3, 118.2, 81.5, 80.7, 45.32, 45.30, 44.1, 43.2, 36.1, 33.4. 
IR (thin film, cm-1): 2937.29, 2931.29, 2910.17, 1474.18, 1460.81, 1452.13, 1407.68, 
1249.54, 1223.92, 1198.69, 1175.00, 1121.11, 1077.07, 1047.01, 939.08, 887.17, 878.74, 
872.61, 821.71, 768.28, 750.83, 731.68, 711.67, 701.34, 656.89, 626.63, 617.42, 610.52, 
607.00, 588.20, 578.29, 569.19, 559.10, 543.60, 538.70, 530.30,  










The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C for 2 hours and 
stirred at room temp for a total reaction time of 24 hours.  The reaction was 
quenched with a basic workup and purified by flash chromatography with silica 
and eluted with 100 to 95:5 hexanes:EtOAc to afford (1.79d) as a clear oil in 77% 
yield, 0.2307g, 0.773 mmol, 4:1 dr.   
1H NMR (500 MHz, CDCl3): δ 7.60-7.73 (overlap, 13H), 5.51 (d, J = 5.0 Hz, 1H), 4.68 
(d, J = 6.0 Hz, 1H), 3.06 (m, 1H), 2.97 (dd, J = 15.2, 10.0 Hz, 1H), 2.49 (dd, J = 15.2, 
7.5 Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 156.1, 155.2*, 144.3, 143.1*, 142.6*, 142.4, 142.02, 
141.95*, 129.5, 129.3, 129.20*, 129.17, 129.0*, 128.8*, 128.7*, 128.5, 127.7*, 127.5, 




80.5*, 45.7, 45.6*, 43.1*, 43.1, 36.2*, 33.5.  (* indicates peaks arising from the minor 
diastereomer.) 
IR (thin film, cm-1): 3061.36, 3026.25, 2913.91, 2850.00, 1602.10, 1580.04, 1483.12, 
1453.19, 1303.61, 1239.76, 1221.64, 1202.55, 1111.02, 1075.69, 1051.07, 1030.28, 
1003.85, 942.49, 909.81, 749.43, 735.87, 699.08.   







 The general procedure for the two-component reaction of diols and dienophiles 
to afford benzopyrans was followed. The reaction stirred at 0°C and was allowed 
to warm to rt after 2 hours and went for total time of 24 hours.  The reaction was 
quenched with a basic workup and the crude reaction was purified by flash 
chromatography with an elution 100 to 95:5 hexanes:EtOAc.  Upon concentrating 
under reduced pressure, (1.79) was afforded as a clear oil in 76% yield, 0.1796 g, 




1H NMR (500 MHz, CDCl3): δ 7.54 (dd, J = 5.3, 3.5 Hz, 1H), 7.25-7.22 (overlap 2H), 
7.19 (d, J= 7.6 Hz, 1H), 7.12 (dd, J = 4.5, 3.5 Hz, 1H), 7.02 (m, 1H), 6.89 (m, 1H), 6.70 
(dd, J = 8.0, 1.0 Hz, 1H), 5.64 (d, J =7.1 Hz, 1H), 3.33 (m, 1H), 3.11 (m, 1H), 2.84 (dd, 
J =16.0, 8.3 Hz, 1H), 2.57 (dd, J =16.0, 8.6 Hz, 1H), 1.44 (d, J =7.0 Hz, 3H). 
13C NMR (125 MHz, CDCl3): δ 155.6, 155.0*, 144.0, 143.3*, 142.6*, 142.5, 129.1, 
129.0*, 128.4, 128.3*, 128.0*, 127.3*, 127.1, 127.0*, 126.9, 126.1, 125.8, 125.78, 125.5*, 
125.1*, 124.9, 121.0, 120.9*, 117.2, 117.2*, 83.0, 80.2*, 45.7*, 44.8, 36.7*, 32.6, 32.5*, 
30.0, 21.2*, 16.0. (* indicates minor diastereomer). 
IR (thin film, cm-1): 3068.37, 3029.43, 2965.65, 2929.84, 2848.42, 1604.21, 1581.27, 
1480.71, 1450.01, 1431.20, 1375.03, 1345.99, 1223.19, 1202.97, 1186.91, 1122.66, 
1037.89, 1018.76, 943.61, 933.42, 748.75.   






The general procedure for the two-component reaction of diols and dienophiles to 




the iron and brown after it was added.  The reaction stirred at 0°C and was allowed 
to warm to room temperature after 2 hours and went for total time of 24 hours. 
After basic workup, the crude reaction was purified by flash chromatography, 
with SiO2 and 100 to 95:5 hexanes:EtOAc to afford (1.79f) as a clear oil, 72% yield, 
0.1812 g, 0.724 mmol.   
1H NMR (500 MHz, CDCl3): δ 7.55 (m, 1H), 7.31-7.23 (overlap, 3H), 7.17 (dd, J = 
4.5, 3.5 Hz, 1H), 7.03 (ddd, J = 8.0, 7.5, 1.5 Hz, 1H), 6.87 (ddd, J = 7.5, 7.5, 1.5 Hz, 
1H), 6.71 (dd, J = 8.5, 1.5 Hz, 1H), 5.61 (d, J = 6.5 Hz, 1H), 2.89 (dd, J = 15.0, 6.5 Hz, 
1H), 2.73-2.61 (overlap, 3H), 1.48 (s, 3H), 1.45 (s, 3H).   
13C NMR (125 MHz, CDCl3): δ 154.6, 144.1, 142.6, 130.3, 129.0, 127.0, 126.8, 125.6, 
125.5, 124.8, 120.5, 116.9, 79.9, 51.0, 34.3, 33.5, 31.3, 25.7. 
IR (thin film, cm-1): 2957.19, 1483.29, 1449.27, 1439.48, 1221.00, 1196.37, 1004.83, 
948.58, 938.52, 747.54.  









The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C for 2 hours and then 
room temperature for an additional 2 hours.  The reaction was monitored by TLC, 
15% EtOAc/HEx, stained with cam, silica plate. The reaction was quenched after 4 
hours with sat. sodium bicarbonate, extracted with 3x30mL CHCl3, combined 
organic layers were rinsed with brine, dried over anhydrous sodium sulfate and 
concentrated under reduced pressure.  The reaction was purified by column 
chromatography with silica and an elution of 100 to 98:2 hexanes:EtOAc to afford 
(1.81a) 0.2909g, 0.968 mmol, 97%, white solid, 1:1 dr.  The spectral assignments are 
in agreement with literature values.3 
1H NMR (500 MHz, CDCl3): δ 7.59-6.84 (overlap, 13H), 6.73 (m, 1H), 4.28 (dd, J = 
12.1, 6.0 Hz, 1H), 2.43 (dd, J = 13.8, 6.0 Hz, 1H), 2.25 (m, 1H), 1.75 (s, 3H).   
13C NMR (125 MHz, CDCl3): δ 154.3, 153.9, 146.9, 145.3, 144.6, 144.5, 129.8, 129.7, 
128.8, 128.64, 128.60, 128.3, 128.0, 127.9, 127.0, 126.8, 126.74, 126.68, 125.5, 125.0, 
124.7, 124.5, 120.3, 120.2, 117.7, 116.8, 79.0, 77.7, 44.5, 42.7, 40.2, 39.9, 32.3, 24.9. 
IR (thin film, cm-1): 2942.87, 1482.80, 1442.84, 1300.85, 1239.07, 1178.23, 1117.59, 
1068.47, 759.39, 697.95, 578.42, 575.55, 558.52, 551.17. 
                                                 











 The general procedure for the two-component reaction of diols and dienophiles 
to afford benzopyrans was followed.  The reaction stirred at 0 °C for 2 hours and 
then room temperature for an additional 2 hours.  The reaction was quenched after 
4 hours with sat. sodium bicarbonate, extracted with 3x30mL CHCl3, combined 
organic layers were rinsed with brine, dried over anhydrous sodium sulfate and 
concentrated under reduced pressure.  The reaction was purified by column 
chromatography with silica and an elution of 100 to 98:2 hexanes:EtOAc to afford 
(1.81b) as a pale yellow solid, 0.3356g, 0.926 mmol, 93% yield. The spectral 
assignments are in agreement with literature values.4  
                                                 





1H NMR (500 MHz, CDCl3): δ 7.53 (overlap, 4H), 7.37-.7.00 (overlap, 13H), 6.75 (m, 
1H), 6.64 (d, , J = 8.0 Hz, 1H), 3.91 (dd, , J = 12.7, 5.5 Hz, 1H), 3.12 (dd, , J = 13.9, 5.5 
Hz, 1H), 2.64 (dd, , J = 13.9, 12.7 Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 154.2, 145.8, 144.3, 143.5, 129.6, 128.8, 128.6, 128.3, 
127.8, 127.3, 127.1, 126.8, 126.3, 125.7, 125.4, 120.4, 117.2, 81.9, 42.0, 40.1. 
IR (thin film, cm-1): 3061.93, 3034.28, 2930.00, 1601.29, 1577.32, 1483.83, 1446.98, 
1318.26, 1298.16, 1275.76, 1246.74, 1229.08, 1205.17, 1104.25, 1065.39, 1029.41, 
1014.04, 916.33, 784.76, 762.62, 747.44, 727.71, 697.16.   






2,4-diphenylchromane (1.81c)  
The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction mass stirred at 0 °C for 6 hours 
and stirred at room temperature for a total reaction time of 48 hours.  The reaction 




3x30 mL EtOAc, combined organic layers were rinsed with brine, dried over 
anhydrous sodium sulfate and concentrated under reduced pressure. The crude 
reaction was purified by flash chromatography with silica and eluted with 100 to 
95:5 hexanes:EtOAc to afford (1.81c) as a white solid, 0.2296, 0.802 mmol, 80% 
yield, 2:1 dr. The NMR spectra are in agreement with literature values.5 
1H NMR (500 MHz, CDCl3): δ7.51-6.75 (overlap, 14H), 5.22 (dd, J = 11.5, 1.8 Hz, 
1H), 4.37 (dd, J = 12.0, 6.0 Hz, 1H), 2.42 (ddd, J = 13.7, 6.0, 1.8Hz, 1H), 2.29 (ddd, J 
= 13.7, 12.0, 11.5Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ 155.6, 155.5*, 146.2*, 144.6, 141.5*, 141.3, 130.9*, 
129.9, 128.81*, 128.79, 128.71, 128.69*, 128.6*, 128.3*, 128.2, 127.91, 127.90*, 126.9, 
126.6*, 126.21, 126.16*, 125.8, 123.2*, 120.72, 120.66*, 117.2*, 117.1, 78.2, 73.3*, 43.6, 
40.8, 40.3*, 38.4*. (*indicates peaks arising from the minor diastereomer).  
IR (thin film, cm-1): 3023.93, 2918.66, 1579.39, 1484.54, 1451.34, 1271.83, 1233.96, 
1110.60, 1061.05, 1024.83, 1011.54, 913.09, 899.86, 756.56, 746.03, 697.36, 525.52.   
MS (m/z): [M+H]+ calculated for C21H18O 287.1 m/z; found 287.2 m/z. 
SMILES: C1(O2)=CC=CC=C1[C@H](C3=CC=CC=C3)C[C@@H]2C4=CC=CC=C4 
                                                 
5 (a) Inoue, T.; Inoue, S.; Sato, K.  Bull. Chem. Soc. Jpn. 1990, 63, 6, 1647−1652. (b) 









The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction ran for 1 hour at 0C and was 
monitored by TLC. TLC conditions 10% EtOAc/Hex, stained with CAM, silica 
plate.  The TLC showed remaining indole. Transferred to a sep funnel containing 
sat. NH4Cl.  extracted 3x30mL EtOAc.  combined organic layers were dried over 
anhydrous sodium sulfate and concentrated under reduced pressure. Purified by 
flash chromatography. Packed with silica and eluted with 5% - 15% Ethyl Acetate 
in Hexanes. (1.81d) was isolated as a white solid, 0.0868 g, 0.254 mmol, 25% yield, 
as a single diastereomer.   
1H NMR (500 MHz, CDCl3): δ 8.11 (d, J = 8.0 Hz, 1H), 7.40 (dd, J = 8.0, 7.0 Hz, 2H), 
7.34-7.28 (overlap. 3H), 7.19-7.08 (overlap, 3H), 6.99 (t, J = 7.5 Hz, IH), 6.96-6.84 





13C NMR (125 MHz, CDCl3): δ 170.0, 152.9, 142.5, 141.5, 130.8, 129.1, 129.0, 128.5, 
128.3, 128.1, 127.2, 127.1, 124.1, 123.1, 123.0, 117.8, 116.6, 88.6, 48.7, 44.4, 23.7. 
IR (thin film, cm-1): 2923.58, 2853.88, 1661.56, 1478.75, 1459.95, 1393.72, 1283.56, 
1273.14, 1211.67, 1092.28, 998.92, 7546.00, 749.27.  







The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C for 6 hours and then 
stirred at room temperature.  The reaction was monitored by TLC and was 
quenched after a total reaction time of 48 hours. The reaction was quenched with 
a basic workup, saturated sodium bicarbonate, extracted with 3x30 mL EtOAc, 
combined organic layers were rinsed with brine, dried over anhydrous sodium 
sulfate and concentrated under reduced pressure. The crude reaction was purified 




to afford (1.83a) as a white solid, 0.2321g, 0.734 mmol, 73.4% yield, 3:1 dr. The 
spectral assignments are in agreement with literature values.i  
1H NMR (500 MHz, CDCl3): δ 7.49-7.15 (overlap 10H), 6.90 (d, J = 9.0 Hz, 1H), 6.73 
(ddd, J = 9.0, 3.0, 0.7 Hz, 1H), 6.32 (dd, J = 3.0, 0.7 Hz, 1H), 5.15 (dd, J = 11.5, 1.5 Hz, 
1H), 4.34 (dd, J = 12.5, 6.0 Hz, 1H), 3.62 (s, 3H), 2.40 (ddd, 13.5, 6.0, 1.5 Hz, 1H), 2.26 
(ddd, J = 13.5, 12.0, 11.5, Hz, 1H).    
13C NMR (125 MHz, CDCl3): δ 153.6, 153.5, 149.8, 149.6, 146.1, 144.5, 141.6, 141.4, 
128.8, 128.64, 128.62, 128.55, 128.52, 128.1, 127.8, 126.9, 126.5, 126.4, 126.2, 126.1, 
123.5, 117.8, 117.7, 114.9, 114.8, 114.7, 113.7, 78.1, 73.1, 55.69, 55.67, 43.8, 40.8, 40.7, 
38.5. 
IR (thin film, cm-1): 2950.05, 1489.79, 1454.49, 1424.93, 1271.52, 1260.87, 1208.61, 
1150.43, 1065.68, 1050.27, 1033.31, 1009.44, 901.56, 866.49, 821.74, 761.30, 752.03, 
735.05, 698.45, 567.71, 558.19.   










The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed. The reaction was run at 0 °C in an ice bath for 
two hours and allowed to stir at room temperature for an additional two hours. 
The reaction was quenched with a basic aqueous workup with sat. sodium 
bicarbonate and the crude reaction was purified by flash chromatography over 
SiO2 and eluted with 95:5 hexanes:EtOAc to afford (1.83b) in 70% yield, 0.2410 g, 
0.0696 mmol, 3:1 dr, as a white solid. 
1H NMR (500 MHz, CDCl3): δ 7.39 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 7.5 Hz, 2 H), 7.23 
(overlap, 3H), 6.91 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 9.0 Hz, 1H), 6.71 (dd, J = 9.0, 3.0 
Hz, 1H), 6.31 (d, J = 3.0 Hz, 1H), 5.09 (dd, J = 11.0, 1.5Hz, 1H), 4.32 (dd, J = 12.0, 6.0 
Hz, 1H), 3.81 (s, 3H), 3.61 (s, 3H), 2.36 (ddd, J = 13.5, 6.0, 1.5 Hz, 1H), 2.25 (ddd, J = 
13.5, 12.0, 11.0 Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 159.4, 153.4, 149.8, 144.5, 133.4, 128.7, 128.5, 127.5, 
126.8, 126.2, 117.5, 114.6, 113.9, 113.6, 77.7, 55.6, 55.3, 43.8, 40.5. 
IR (thin film, cm-1):  2952.85, 2932.00, 2917.99, 1514.01, 1489.53, 1244.21, 1207.81, 
1178.03, 1152.32, 1061.59, 1052.11, 1027.59, 832.17, 826.57, 737.23, 700.23. 










The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C and was quenched 
with a basic workup after 1 hour with saturated sodium bicarbonate.  The crude 
organic reaction was purified by flash chromatography with an elution of 98.5:1.5 
to 95:5 hexanes:EtOAc.  Upon concentrating under reduced pressure (1.83c) was 
afforded as white solid, 84% yield, 0.277 g, 0.838 mmol, 2:1 dr.   
1H NMR (500 MHz, CDCl3): δ 7.41 (d, J = 8.5 Hz, 2H), 7.33 (dd, J = 8.0, 7.5 Hz, 2H), 
7.27 (d, J = 7.5 Hz, 1H), 7.24 (d, J = 8.0 Hz, 2H), 6.93 (overlap, 3H), 6.84 (d, J = 8.0 
Hz, 1H), 6.58 (s, 1H), 5.12 (d, J = 11.5, Hz, 1H), 4.32 (dd, J = 12.0, 6.0 Hz, 1H), 3.82 
(s, 3H), 2.36 (ddd, J = 14.0, 6.0, 1.0 Hz), 2.28 (m, 1H), 2.15 (s, 3H) 
13C NMR (125 MHz, CDCl3): δ 159.4, 153.5, 144.8, 133.4, 129.9, 129.7, 128.61, 128.57, 




IR (thin film, cm-1): 3024.11, 2945.41, 2903.80, 1493.00, 1452.79, 1244.15, 1216.10, 
945.27, 815.64, 750.12, 701.70.  







The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C and was monitored 
by TLC with conditions 90:10 Hexanes:EtOAc, silica plate, stained with CAM.   
After 1 hour the TLC showed styrene, the reaction was quenched with a basic 
workup with sat. sodium bicarbonate extracted 3x30mL EtOAc, combined organic 
layers were washed with brine, dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure.  The crude reaction was purifed by flash 
chromatography with an elution of 5% - 7% Ethyl Acetate in Hexanes.  (1.83d) was 




1H NMR (500 MHz, CDCl3): δ7.38 (d, J = 8.5 Hz, 2H), 7.34 (dd, J = 7.7, 7.5 Hz, 2H), 
7.28 (d, J = 7.5Hz, 1H), 7.21 (dd, J = 7.7, 1.0 Hz, 2H), 7.07 (ddd, J = 8.7, 2.5, 1.0 Hz, 
1H), 6.93 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.7 hz, 1H), 6.73 (m, 1H), 5.14 (dd, J = 11.0, 
1.0 Hz, 1H), 4.29 (dd, J = 12.5, 6.0 Hz, 1H), 3.82 (s, 3H), 2.37 (ddd, J = 14.0, 6.0, 1.0 
Hz, 1H), 2.27 (ddd, J = 14.0, 12.5, 11.0 Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 159.3, 159.2*, 153.5, 153.4*, 149.1, 148.6*, 134.0, 127.9, 
127.8*, 127.46, 127.45*, 117.5*, 117.4, 113.91, 113.90*, 113.3*, 112.8, 112.5, 77.6, 73.1*, 
55.8, 55.3, 39.8, 36.9*, 30.4, 29.0*, 24.0*, 20.3. (* indicates peaks arising from the 
minor diastereomer). 
IR (thin film, cm-1): 2922.84, 1515.34, 1474.37, 1247.29, 1236.65, 1223.47, 1172.37, 
1027.65, 826.86, 698.79.   










The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction stirred at 0 °C for 3 hours and was 
subsequently quenched with a basic workup.  Upon concentrating under reduced 
pressure, the crude reaction was purified by flash chromatography with an elution 
of 1.5% - 5% Ethyl Acetate in Hexanes.  After concentrating, (1.83e) was afforded, 
58% y, 0.1469 g, 0.578 mmol, 3:1 dr.   
1H NMR (500 MHz, CDCl3): δ 7.38 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.0 Hz, 1H), 7.12 
(dd, J = 8.0, 8.0Hz, 1H), 6.95-6.91 (overlap, 3H), 6.88 (dd, J = 8.0, 1.0 Hz, 1H), 5.30 
(dd, 12.0, 1.0 Hz, 1H), 3.26 (s, 3H), 3.19 (ddd, 11.5, 6.5, 5.5 Hz, 1H), 2.18 (ddd, J = 
13.0, 5.5, 1.0 Hz, 1H), 1.84 (ddd, J = 13.0, 12.0, 11.5 Hz, 1H), 1.38 (d, J = 6.5 Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 159.4, 159.3*, 155.0, 154.7*, 133.94*, 133.92, 129.3*, 
127.53, 127.51, 127.41, 127.36*, 127.23*, 127.18, 120.5, 120.4*, 117.1*, 117.0, 114.0, 
77.8, 73.2*, 55.37, 55.35*, 39.9, 37.0*, 30.2, 28.7*, 24.0*, 20.3. (* indicates prominent 
peaks arising from the minor diastereomer). 
IR (thin film, cm-1): 2959.54, 2926.80, 1612.75, 1514.63, 1484.42, 1454.80, 1445.66, 
1300.12, 1247.23, 1229.76, 1174.80, 1049.80, 1034.99, 890.18, 820.45, 753.61.  









 The general procedure for the two-component reaction of diols and dienophiles 
to afford benzopyrans was followed. The reaction stirred at to stir at 0 °C for 1 
hour.  The reaction was quenched with a basic workup and after concentrating 
under reduced pressure, the crude reaction was purified by flash chromatography 
with an elution of 95:5 to 93:7 hexanes:EtOAc. (1.83f) was isolated in 54 % yield, 
0.1538 g, 0.541 mmol, 3:1 dr. 
1H NMR (500 MHz, CDCl3): δ7.37 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 6.82-
6.76(overlap, 2H), 6.70 (m, 1H), 4.96 (dd, J = 11.5, 1.5 Hz, 1H), 3.82 (s, 3H), 3.79 (s, 
3H), 3.17 (m, 1H), 2.16 (ddd, J =1.5, 6.0, 13.5 Hz, 1H), 1.82 (m, 1H), 1.36 (d, J = 7.0 
Hz, 3H). 
13C NMR (125 MHz, CDCl3): δ 159.3, 159.2*, 153.5, 153.4*, 149.1, 148.6*, 134.0, 127.9, 
127.8*, 127.46, 127.45*, 117.5*, 117.4, 113.91, 113.90*, 113.3*, 112.8, 112.5, 77.6, 73.1*, 





IR (thin film, cm-1): 2956.35, 2933.90, 2917.66, 1514.86, 1490.82, 1459.28, 1273.64, 
1239.16, 1207.80, 1177.71, 1157.64, 1049.71, 1033.88. 






The general procedure for the two-component reaction of diols and dienophiles to 
afford benzopyrans was followed.  The reaction was run at 0 °C for 3 hours.  Upon 
consumption of the styrene, the reaction was quenched with a basic workup.  The 
crude reaction was purified by flash chromatography with an elution of 93:7 to 
90:10 Hexanes:EtOAc.  (1.83g) was isolated in 44% yield, 0.117 g, 0.436 mmol, 3:1 
dr.   
1H NMR (500 MHz, CDCl3): δ 7.37 (d, J = 8.5 Hz, 2H), 7.07 (s, 1H), 6.29 (overlap, 
3H), 6.78 (d, J = 8 Hz, 1H), 4.98 (dd, J = 11.5,1.5 Hz, 1), 3.82 (s, 3H), 3.15 (ddd, J = 
19.9, 11.5, 6.0 Hz, 1H), 2.29 (s, 3H), 2.16 (ddd, J = 13.5, 6.0, 1.5 Hz, 1H), 1.81 (ddd, J 




13C NMR (125 MHz, CDCl3): δ 159.4, 159.3, 152.8, 152.4, 134.08, 134.05, 129.63, 
129.58, 129.4, 128.1, 128.0, 127.55, 127.51, 127.50, 126.9, 126.8, 116.8, 116.7, 114.0, 
77.7, 73.1, 55.35, 55.34, 40.0, 37.1, 30.2, 29.8, 28.7, 24.1, 20.8, 20.7, 20.3. 
IR (thin film, cm-1): 2959.78, 2924.61, 2856.99, 1613.69, 1516.46, 1493.83, 1260.51, 
1250.66, 1236.40, 1215.66, 1184.53, 1176.09, 1047.97, 1028.39, 821.50. 





methyl 2-hydroxy-2-methyl-4-phenylchromane-3-carboxylate (1.86) 
To an oven dried round bottom flask equipped with a magnetic stir bar was added 
diol (200 mg, 1.0 mmol, 1 equiv) Methyl acetoacetate (.216 mL, 2.0 mmol, 2 equiv), 
2 mL chloroform (From Sigma Aldrich, stabilized with amylenes, not ethanol).  
This stirred at rt to allow for dissolution of the diol.  Next FeCl3 (16 mg, 10 mol % 
with respect to diol was added).  The reaction stirred for 1 h at 0 °C.  After 1 hour 
the reaction was quenched with a basic workup with sat. sodium bicarbonate, 
extracted with 3x30mL EtOAc, combined organic layers were rinsed with brine, 




pressure. The crude reaction was purified by flash chromatography on silica and 
an elution of 95:5 to 85:15 hexanes:EtOAc. (1.86) was afforded as a white solid, 76% 
yield, 0.2256 g, 0.756 mmol.   
1H NMR (500 MHz, CDCl3): δ 7.32-7.28 (m, 3H), 7.13-7.19 (m, 3H), 7.90 (dd, J = 8.5, 
1.0, Hz, 1H), 6.82 (m, 1H), 6.71 (d, J = 8.0 Hz, 1H), 4.54 (d, J = 12.5 Hz, 1H), 3.51 (s, 
3H), 3.10 (d, J = 12.5 Hz, 1H), 1.68 (s, 3H).  
13C NMR (125 MHz, CDCl3): δ 173.2, 151.3, 141.4, 129.3, 129.2, 128.0, 127.3, 124.3, 
121.4, 117.0, 95.1, 55.4, 52.1, 42.6, 27.8.   
IR (thin film, cm-1): 2921.84, 1739.17, 1487.12, 1452.62, 1247.41, 1165.37, 1087.31, 
760.01, 701.00, 582.55, 553.30.   











To an oven dried test tube equipped with a magnetic stir bar was added diol (0.200 
mg, 1.0 mmol, 1.0 equiv) Ethyl acetoacetate (0.253 mL, 2.0 mmol, 2.0 equiv) 
followed by CHCl3 2 mL, the reaction stirred at 0 °C in an ice bath for 2 hours.  The 
reaction was quenched with a basic workup with saturated sodium bicarbonate, 
extracted with 3x30mL EtOAc, combined extracts were rinsed with brine, dried 
over anhydrous Na2SO4, filtered and concentrated.   The reaction was purified by 
column chromatography with silica and eluted with 95:5 to 85:15 hexanes:EtOAc. 
After concentrating, the chroman was afforded, 0.2451 g, 0.785 mmol, 78% yield 
18:3:2:1 dr, off-white solid.   
 
Step 2: 
To a flame dried flask equipped with a magnetic stir bar was added chroman 
(0.2451 g, 0.785 mmol, 1 equiv) 50 mL DCM, followed by triethylsilane dropwise 
(1.425 ml, 8.9 mmol, 11.3 equiv). This stirred at -20 °C and BF3−OEt2 (0.440 mL, 3.47 
mmol, 4.4 equiv) was added slowly at -20 °C.  The reaction stirred at -20 °C for 3 
hours and was monitored by TLC (TLC conditions: silica plate, 85:15 
hexanes:EtOAc, stained with CAM).  The TLC showed consumption of starting 




crude reaction was concentrated under reduced pressure and purified by column 
chromatography with silica and an elution of 100 to 98:2 hexanes:EtOAc.  Two 
aliquots were collected.  (1.89) was isolated 0.1988g, 0.674 mmol, 86% yield, clear 
oil. This procedure was adapted from a literature precedent.6   
1H NMR (500 MHz, CDCl3): δ 4.41 (d, J = 11.5 Hz, 1H), 4.32 (dt, J = 9.7, 6.0 Hz, 1H), 
2.81 (dd, J = 11.5, 9.7 Hz, 1H), 1.43 (d, J = 6.0 Hz, 3H) 
13C NMR (125 MHz, CDCl3): δ 172.4, 154.4, 141.9, 129.7, 128.9, 128.6, 127.8, 127.2, 
124.7, 120.7, 116.4, 73.1, 60.6, 54.6, 46.6, 19.6, 14.0.   
IR (thin film, cm-1): 3061.00, 3028.87, 2974.21, 2932.81, 2895.95, 2875.74, 1724.70, 
1585.40, 1485.92, 1450.81, 1375.59, 1344.34, 1323.92, 1298.14, 1233.88, 1210.89, 
1176.82, 1155.08, 1106.52, 1089.09, 1030.46, 945.36, 753.02, 700.86.   






                                                 
6 Zhu, Y-H.; Zhang, M.; Li, Q-Y.; Liu, Q.; Zhang, J.; Yuan,Y-Y.; Nan, F-J.; Wang, M-






To an oven dried test tube with a magnetic stir bar was added 2-
(hydroxy(phenyl)methyl)phenol (0.200 g, 1.0 mmol, 1 equiv), pentane-2,4-dione 
(0.205 mL, 2.0 mmol, 2 equiv), CHCl3 2mL, FeCl3 (16 mg, 10 mol% with respect to 
the diol).  The reaction stirred at 0 °C for 2 hours and was monitored by TLC, TLC 
conditions: silica plate, 85:15 hexanes:EtOAc, stained with CAM.  The diol was 
consumed after 2 hours, Saturated sodium bicarbonate (aq) was added and the 
biphasic mixture was extracted with 3x20 mL CHCl3.   The combined organic 
layers were rinsed with brine, dried over anhydrous Na2SO4, filtered and 
concentrated under reduced pressure.  The crude reaction was purified by flash 
chromatography with silica and an elution of 95:5 to 85:15 hexanes:EtOAc.  (1.92) 
was afforded as a white solid, 92%, 0.261, 0.924 mmol, 5:1 dr 
Characterization for the intermediate hemiacetal: 
1H NMR (500 MHz, CDCl3): δ 7.35-7.27 (overlap 3H), 7.19-7.11 (overlap 3H), 6.91 
(d, J = 8.0 Hz, 1H), 8.81 (m, 1H), 6.68 (d, J – 8.0 Hz, 1H), 4.39 (d, J = 12.2 Hz, 1H), 




13C NMR (125 MHz, CDCl3): δ 212.71, 151.42, 141.19, 129.83*, 129.14, 129.07*, 
129.00, 128.70, 128.06, 127.95*, 127.53, 127.11*, 124.40, 124.32*, 121.32, 121.24*, 
117.06, 116.96*, 98.72*, 95.18, 61.40*, 60.64, 44.58*, 43.72, 34.16*, 32.85, 27.69, 21.73*. 
(* indicates prominent peaks corresponding to the minor diastereomer.) 
IR (thin film, cm-1): 3459.59, 1694.44, 1486.93, 1452.10, 1357.83, 1241.65, 1120.98, 
1096.14, 952.25, 757.95, 747.15, 701.62, 604.67, 582.41, 579.30.  






To a round bottom flask equipped with a magnetic stir bar was added chroman 3v 
(0.267 mg, 0.947 mmol) PTSA-monohydrate (17 mg, 0.09 mmol), Toluene 10 mL.  
This stirred at 100 °C for 4h and was monitored by TLC.  TLC conditions 85:15 
hexanes:EtOAc, stained with CAM, silica plate. The crude mixture was purified 
directly by column chromatography with SiO2 and an elution of 95:5 to 85:15 




The overall yield from the diol was 91%, in two steps.  The spectral assignments 
are in agreement with literature values.7 
1H NMR (500 MHz, CDCl3): δ 7.29-7.26 (m, 1H), 7.26-7.23 (overlap, 3H), 7.19-7.11 
(overlap, 3H), 7.01-6.97 (overlap, 2H), 5.02 (s, 1H), 2.46 (s, 3H), 2.17 (s, 3H). 
13C NMR (125 MHz, CDCl3): δ198.8, 159.1, 149.0, 145.8, 128.91, 128.87, 127.6, 127.5, 
126.9, 124.9, 124.5, 116.3, 114.2, 42.3, 30.1, 20.1 
IR (thin film, cm-1): 3061.70, 3024.82, 1681.27, 1616.85, 1600.95, 1575.29, 1487.41, 
1457.44, 1425.25, 1378.56, 1356.27, 1332.66, 1217.72, 1194.08, 1132.26, 1103.85, 
1075.14, 029.84, 937.76, 748.90, 720.81, 698.44, 616.61.   







                                                 
7 Aoyama, T.; Yamamoto, T.; Miyota, S.; Hayakawa, M.; Takido, T.; Kodomaro, M. 




To an oven dried test tube equipped with a magnetic stir bar was added diol (0.100 
g, 0.5 mmol, 1 equiv), (−)-α-Pinene 8 (0.159mL, 1.0 mmol, 2 equiv), CHCl3 1 mL, 
anhydrous FeCl3 (16 mg, 20 mol% with respect to diol).  The reaction stirred at 
room temperature for 24 hours, was monitored by TLC.  The TLC conditions were 
15% Ethyl Acetate in Hexanes, silica plate stained with CAM.  After 24 hours, the 
reaction was quenched with saturated sodium bicarbonate, extracted with 3x30mL 
DCM.  Combined organic layers were rinsed with brine, dried over anhydrous 
Na2SO4 and concentrated under reduced pressure.  The crude reaction was 
purified by flash chromatography with silica and 98:2 hexanes:EtOAc.  After 
concentrating the fractions under reduced pressure, (1.94) was afforded as a clear 
oil, 0.0942 g, 0.296 mmol, 59% yield, 3:1 dr.   
1H NMR (500 MHz, CDCl3): δ 7.38 (dd, J = 7.5 Hz, 2H), 1.30-7.24 (overlap, 3H), 7.15 
(m, 1H), 6.90 (d, J = 8.0, 1.0 Hz, 1H), 6.84 (dd, J = 7.5, 1.0 Hz, 1H), 6.60 (m, 1H), 3.65 
(d, J = 9.5 Hz, 1H), 2.45 (ddd, J = 9.5, 9.5, 4.5 Hz, 1H), 2.27 (ddd, J = 10.0, 6.0, 2.0 Hz, 
1H), 2.22 (ddd, J = 5.5, 5.5, 5.5 Hz, 1H), 2.00 (m, 1H), 1.93 (m, 1H), 1.69-1.61 (overlap 
2H), 1.30 (s, 3H), 1.15 (s, 3H), 0.96 (s, 3H).   
                                                 
8 (−)-α-Pinene from Sigma Aldrich, catalog no. 274399.  Used without further 




13C NMR (125 MHz, CDCl3): δ 155.5, 141.3, 131.3, 129.6, 128.6, 127.4, 127.2, 126.7, 
121.4, 118.2, 84.6, 53.9, 52.3, 43.7, 40.2, 39.1, 34.5, 29.3, 27.4, 26.5, 23.6. 
IR (thin film, cm-1): 3061.84, 3027.43, 2988.51, 2923.65, 2869.47, 1586.10, 1493.33, 
1481.24, 1453.89, 1257.86, 1245.23, 1234.79, 700.84. 
MS (m/z): [M+H]+ calculated for C23H26O 319.2; found 319.2. 







methanoxanthene (1.95):  
To a flame dried round bottom flask equipped with a magnetic stir bar was added 
diol (0.115 g, 0.5 mmol, 1 equiv), (−)-α-Pinene9 (0.159mL, 1.0 mmol, 2 equiv), CHCl3 
1 mL, FeCl3 (16 mg, 20 mol% with respect to diol).  The reaction turned black upon 
addition of the iron and was allowed to stir at room temperature.  The reaction 
                                                 
9 (−)-α-Pinene from Sigma Aldrich, catalog no. 274399.  Used without further 




was monitored by TLC, with TLC conditions: 85:15 hexanes:EtOAc, silica plate, 
stained with CAM.  The reaction ran for 24 hours and was subsequently quenched 
with a basic workup, saturated sodium bicarbonate, extractioned with 3x30 mL 
DCM, rinsed with brine, and dried over anhydrous Na2SO4.  Purified by flash 
chromatography with silica and 100 to 98:2 hexanes:EtOAc.  (1.95) was isolated as 
a white solid, 0.0833 g, 0.239 mmol, 48% 2:1 dr.  
1H NMR (500 MHz, CDCl3): δ 7.39 (dd, J = 7.5, 7.5 Hz, 2H), 7.33-7.26 (overlap 3H), 
6.85 (d, J = 8.5 Hz, 1H), 6.70 (dd, J = 8.5, 2.5 Hz, 1H), 6.18 (d, J = 2.5 Hz, 1H), 3.67-
3.61 (overlap 4H), 2.39 (ddd, J = 9.5, 9.5, 4.5 Hz, 1H), 2.30 (m, 1H), 2.23 (dd, J = 5.5, 
5.5 Hz, 1H), 2.02-1.92 (overlap 2H), 1.71-1.64 (overlap 2H), 1.32 (s, 3H), 1.17 (s, 3H), 
0.97 (s, 3H).   
13C NMR (125 MHz, CDCl3): δ 154.3, 149.0, 140.8, 132.9, 129.6, 128.6, 126.8, 118.6, 
113.5, 111.5, 84.3, 55.5, 53.8, 52.9, 43.5, 40.2, 39.0, 34.4, 29.1, 27.4, 26.4, 23.7. 
IR (thin film, cm-1): 2924.94, 2869.10, 1489.85, 1452.80, 1428.36, 1373.11, 1245.40, 
1212.96, 1134.75, 1073.57, 1040.72, 700.47, 513.46, 508.15, 501.41.   
MS (m/z): [M+H]+ calculated for C24H28O2 349.2; found 349.2.  








[4+2] with -caryophyllene (1.96) 
 
To an oven dried rbf equipped with a magnetic stir bar was added diol (.1 g, 0.5 
mmol, 1 equiv), -caryophyllene (.566 mL, 2.5 mmol, 5 equiv), CHCl3 1 mL,  FeCl3 
(40 mg, 50 mol%).  The reaction stirred at room temperature for 24 hours and was 
monitored by TLC with silica plate, 85:15 Hexanes:EtOAc and stained with CAM.  
The reaction was with a basic workup and purified by column chromatography.  
100 to 98:2 Hexanes:EtOAc.  Isolated 1.96a (57.1 mg, 0.148 mmol, 29.6 % yield) and 
1.96 b (53.7 mg, 0.139 mmol, 27.8% yield).  
1.96 a 
1H NMR (500 MHz, CDCl3): 7.25-7.15 (overlap, 5H), 7.04 (dd, J = 7.4, 1.4 Hz, 1H), 
6.95 (d, J = 7.8 Hz, 1H), 6.89 (m, 1H), 4.97 (s, 1H), 4.94 (s, 1H), 3.91 (d, J = 5.4 Hz, 




1.5 Hz, 1H), 1.95 (dd, J = 13.8, 8.9 Hz, 1H), 1.77 (t, J = 10.5 Hz, 1H), 1.65-1.57 (overlap 
3H), 1.49 (m, 2H), 1.41 (m, 1H), 1.06 (s, 3H), 0.98 (s, 3H), 0.93 (s, 3). 
13C NMR (101 MHz, CDCl3): δ 154.1, 151.2, 134.0, 131.3, 130.2, 128.3, 128.0, 127.8, 
126.4, 121.0, 118.2, 110.6, 83.4, 59.4, 48.0, 44.0, 42.7, 41.8, 36.0, 35.9, 34.7, 29.6, 25.2, 
23.6, 22.4, 21.7. 
IR (thin film, cm-1): 3025.73, 2924.00, 1588.56, 1491.29, 1458.34, 1262.03, 1113.84, 
757.23, 700.58, 513.20, 508.64, 501.41.  
1.96b 
1H NMR (500 MHz, CDCl3): δ 7.31 (t, J = 7.4 Hz, 2H), 7.26 (m, 1H), 7.15 (d, J = 7.3 
Hz, 2H), 7.09 – 7.03 (m, 1H), 6.81 (d, J = 8.1 Hz, 1H), 6.68 (t, J = 7.5 Hz, 1H), 6.59 (d, 
J = 7.6 Hz, 1H), 4.70 (s, 1H), 4.24 (s, 1H), 3.58 (d, J = 11.3 Hz, 1H), 2.44 (q, J = 9.2 Hz, 
1H), 2.23 (dt, J = 10.5, 4.7 Hz, 1H), 2.12 (m, 1H), 1.99-1.86 (overlap 3 H), 1.66-1.41 
(overlap 7 H), 1.24 (s, 3H), 1.01 (s, 3H), 0.99 (s, 3H).   
13C NMR (126 MHz, CDCl3): δ 153.5, 151.9, 144.1, 130.0, 129.9, 128.3, 127.3, 126.5, 
126.1, 119.5, 116.8, 110.1, 80.2, , 53.5, 48.2, 41.3, 40.3, 37.39, 37.35, 35.5, 34.0, 30.30, 
30.25, 22.0, 21.7, 21.4. 
IR (thin film, cm-1): 3026.93, 2927.16, 1585.96, 1486.86, 1451.53, 1377.25, 1257.71, 
1208.26, 912.03, 752.19, 700.50, 516.53, 512.50, 508.81, 502.97.   





[4+2] with -humulene (1.98) 
 
To an oven dried rbf was added diol (0.130 g, 0.5 mmol, 1.0 equiv), -humulene 
(0.230 mL, 1.0 mmol, 2.0 equiv), CHCl3 (1.0 mL, stabilized with amylenes, 
commerically available from sigma aldrich), FeCl3 (16 mg, 10 mol% with respect 
to diol).  The reaction turned black upon addition of the iron, and stirred at rt 
begining at 3:23 pm.  The reaction stirred for 18 hours was quenched with sat. 
sodium bicarbonate, extracted 3x20mL DCM, combined organic extracts were 
combined, washed with brine, dried over anhydrous Na2SO4, filtered and 
concentrated under reduced pressure.  The crude residue was purified by flash 
chromatography with silica and 100 to 95:5 Hexanes:EtOAc to afford the 
benzopyrans (0.1043 g, 0.234 mmol, 47% yield, 3:1 dr, white solid). 
1H NMR (500 MHz, CDCl3): δ 7.21-7.08 (overlap 5H), 6.10 (d, J = 2.4 Hz, 1H), 5.92 
(d, J = 2.4 Hz, 1H), 5.34 (ddd, J = 16.0, 10.2, 2.3 Hz, 1H), 5.09 (dd, J = 16.1, 1.5 Hz, 2H), 
4.51 (dd, J = 12.2, 4.5 Hz, 2H), 3.76 (s, 2H), 3.61 (d, J = 9.6 Hz, 1H), 3.30 (s, 2H), 2.58 – 
2.52 (m, 1H), 2.29 (dd, J = 14.7, 10.2 Hz, 1H), 2.22 – 2.12 (m, 2H), 2.03 (t, J = 12.3 Hz, 




13C NMR (100 MHz, CDCl3): δ 159.9, 158.6, 155.0, 147.9, 141.8, 136.6, 130.3, 128.4, 
127.7 (2C), 125.4, 122.8, 121.0, 109.4, 94.0, 92.6, 81.1, 55.2 (2-PhOCH3), 46.3, 44.2, 
43.0, 41.5, 38.6, 37.5, 31.3, 30.0, 24.0, 19.5, 16.8. 
IR (thin film, cm-1): 2934.03, 1614.24, 1590.62, 1492.30, 1452.95, 1419.73, 1382.59, 
1202.46, 1174.26, 1146,26, 1112.70, 1055.98, 984.77, 908.82, 824.39, 810.82, 732.19, 
699.90.   
HRMS (m/z): [M+H]+ calculated for C30H38O3  447.2899; found 447.2910. 








The general procedure was followed.  After 24 h at 60 °C the reaction was 
quenched with a basic workup.  The crude residue was purified by flash 
chromatography 98:2 to 70:30 Hexanes:EtOAc to provide 1.100 0.0759g, 0.211 




1H NMR (500 MHz, CDCl3): δ 7.30 (t, J = 7.3 Hz, 2H), 7.27 (t, J = 7.5 Hz, 1H), 7.15 
(d, J = 8.0, 1.0 Hz, 1H), 7.08 (d, J = 7.5 Hz, 2H), 6.85 – 6.80 (overlap 2H), 6.72 (s, 1H), 
6.71 (d, J = 6.8 Hz, 1H), 6.40 (s, 1H), 5.93 (dddd, J = 16.8, 10.1, 6.3, 6.3 Hz, 1H),5.79 
(s, 1H), 5.08 (dd, J = 10.1, 1.5 Hz, 1H), 5.03 (d, J = 16.8, 1.5 Hz, 1H), 3.87 (s, 3H), 3.60 
(s, 3H), 3.24 (m, 2H).  
13C NMR (100 MHz, CDCl3): δ 153.5, 147.5, 147.1, 142.4, 137.4, 132.5, 130.6, 130.2, 
130.0, 129.3, 128.4, 127.8, 126.5, 120.5, 115.8, 115.7, 113.3, 113.1, 55.8, 46.3, 36.8. 





 2-((2-allyl-4,5-dimethoxyphenyl)(phenyl)methyl)-4-methoxyphenol (1.101) 
The general procedure was followed.  After 24 h at 60 °C the reaction was 
quenched with a basic workup.  The crude residue was purified by flash 
chromatography 98:2 to 70:30 Hexanes:EtOAc to provide 1.101 0.1346g, 0.345 
mmol, 74% y, white solid.   
1H NMR (500 MHz, CDCl3): δ 7.29 (m, 2H), 7.23 (m, 1H), 7.08 (d, J = 7.0 Hz, 2H), 




J= 3.1 Hz, 1H), 5.93 (br, 1H), 5.74 (dd, J = 10.1, 1.6 Hz, 1H), 5.07 (dd, J = 17.1, 1.6 Hz, 
1H), 4.24 (s, 1H), 3.89 (s, 3H), 3.64 (s, 3H), 3.61 (s, 3H), 3.28-3.18 (m, 2H). 
13C NMR (125 MHz, CDCl3): δ 153.6, 147.7, 147.5, 147.3, 141.9, 137.5, 132.0, 131.5, 
130.6, 129.3, 128.6, 126.8, 116.7, 115.8, 113.4, 113.0, 111.9, 55.85, 55.82, 55.5, 46.8, 36.8. 






The general procedure was followed.  After 24 h at 60 °C the reaction was 
quenched with a basic workup.  The crude residue was purified by flash 
chromatography 98:2 to 70:30 Hexanes:EtOAc to provide 1.102 0.209 g, 0.47 mmol, 
95% y, white solid.   
1H NMR (500 MHz, CDCl3): δ 7.32 (t, J = 7.3 Hz, 2H), 7.27-7.24 (overlap 2H), 7.06 
(d, J = 7.3 Hz, 2H), 6.80 (d, J = 2.4 Hz, 1H), 7.72 (s, 1H), 7.71 (d, J = 8.5 Hz, 1H), 6.37 
(s, 1H), 5.93 (dddd, J = 17.0, 10.1, 6.1, 6.1 Hz, 1H), 5.71 (s, 1H), 5.08 (dd, J = 10.1, 1.6 





13C NMR (100 MHz, CDCl3): δ 152.7, 147.8, 147.3, 141.4, 137.4, 132.8, 132.5, 131.5, 
130.8, 130.6, 129.2, 128.7, 127.0, 117.8, 115.9, 113.5, 113.0, 112.9, 55.9 (2C), 46.5, 36.8. 






The general procedure was followed.  After 24 h at 60 °C the reaction was 
quenched with a basic workup.  The crude residue was purified by flash 
chromatography 98:2 to 70:30 Hexanes:EtOAc to provide 1.103 0.0505g, 0.169 
mmol, 17% y, clear oil.   
1H NMR (500 MHz, CDCl3): δ 7.18 (d, J = 8.0 Hz, 1H), 7.11 (dd, J = 7.5, 1.5 Hz, 1H), 
6.92 (d, J = 7.5 Hz, 1H), 6.75 (d, J = 8.0Hz, 1H), 6.70 (s, 1H), 6.67 (s, H), 5.96 (dddd, 
J = 12.6, 10.2, 10.3, 6.4 Hz, 1H), 5.08 (m, 2H), 4.95 (s, 1H), 4.49 (q, J = 7.0 Hz, 1H), 
3.85(s, 3H), 3.75 (s, 3H),3.40 (ddd, J = 15.8, 15.8, 6.4 Hz, 1H),1.58 (d, J = 7.0Hz, 3H). 
13C NMR (125 MHz, CDCl3): δ 153.3, 147.6, 147.4, 137.7, 135.0, 131.9, 129.8, 127.6, 
127.4, 120.7, 115.8, 115.8, 113.2, 110.6, 55.91, 55.85, 36.6, 34.1, 21.1. 









To an oven dried round bottom equipped with a magnetic stir bar was added 
aminophenone (1.00 g, 5.07 mmol, 1 equiv), 14 mL DMF, ground and oven dried 
K2CO3 (1.65 g, 2.2 equiv), and lastly benzyl bromide (1.06 mL, 1.75 equiv).  This 
refluxed at 80 °C for 4.5 hours.  The reaction was quenched with 50 mL water, 
extracted 3x40mL EtOAc, combined organic layers were washed with 5% LiCl 
(aq.) 2x.  The organic layer was dried over anhydrous Na2SO4 and concentrated 
under reduced pressure. The crude residue was purified by flash chromatography 
with 100 to 98:2 Hexanes:EtOAc.  1.104 was obtained in 73% yield (1.279 g).  The 
spectral assignments were in agreement with the lit.  10 
UPLC-MS (m/z): [M+H]+ calculated for C20H17NO  288.1; found 288.1. 
 
(2-(benzylamino)phenyl)(phenyl)methanol (1.109) 
                                                 




A solution of Benzyl amine (0.916 g, 5.0 mmol, 1 equiv) in dry toluene (15 mL) at 
0 °C was charged with BCl3 (5.0 mL, 1.0 M in DCM) over 5 min.  The solution was 
then refluxed for 30 min then chilled in an ice bath to 0 °C.  A solution of 
benzaldehyde (0.56 mL, 5.5 mmol, 1.1 equiv), toluene 30 mL and NEt3 (1.4 mL, 10 
mmol, 2 equiv) was prepared and added over 30 min and then stirred at rt for 2 
hours.  The reaction was quenched with water and with 10% NaOH aq.  to pH 8.  
The biphasic mixture was extracted with toluene, combined organic layers were 
washed with brine, dried over anhydrous Na2SO4, filtered and concentrated under 
reduced pressure.  Purified by flash chromatography with silica and 95:5 to 85:15 
Hexanes:EtOAc to afford the amine 1.07g, 3.71 mmol, 74% yield, white solid.    
1H NMR (400 MHz, CDCl3): δ 7.41-7.21 (overlap 8H), 7.17 (dd, J = 8.1, 1.6 Hz, 1H), 
7.13 (m, 1H), 7.03 (d, J = 7.5 Hz, 1H), 6.69 (m, 1H), 6.64 (d, J = 8.1 Hz, 1H), 5.90 (s, 
1H), 4.95 (brd, 1H), 4.28 (s, 2H), 2.47 (brd, 1H). 
13C NMR (100 MHz, CDCl3): δ 146.2, 141.8, 139.2, 129.3, 128.8, 128.5, 128.4, 127.5, 
127.2, 127.0, 126.7, 126.5, 116.7, 111.7, 75.5, 47.7. 








1-benzyl-2-(4-methoxyphenyl)-4-phenyl-1,2,3,4-tetrahydroquinoline (1.110)  
Sample Procedure: To an oven dried test tube equipped with a magnetic stir bar 
was added amino alcohol (.145g, 0.5mmol, 1 equiv), p-Methoxystyrene (.134 mL, 
2.0 mmol, 2 equiv), CHCl3 1mL, FeCl3 8 mg.  The reaction stirred at rt for 24 hours 
and was quenched with sat. sodium bicarbonate. The crude reaction was extracted 
with 3x30mL EtOAc, combined organic layers were rinsed with brine, dried over 
anhydrous Na2SO4, concentrated under reduced pressure.  The crude residue was 
purified by column chromatography with silica and 100% Hexanes.  Eluted with 
100 to 99:1 Hexanes:EtOAc to provide the tetrahydroquinoline (0.0603g, 0.149 
mmol, 30% yield, yellow oil , single diastereomer). 
1H NMR (500 MHz, CDCl3): δ 7.37 (m, 2H), 7.33-7.26 (overlap 5H), 7.25-6.20 
(overlap 4H), 7.08(m, 1H), 6.85 (dd, J = 7.0, 2.0 Hz, 2H), 6.82 (dd, J = 8.3, 0.9 Hz, 
1H), 6.64-6.58 (overlap, 2H), 4.74 (d, J = 16.6 Hz, 1H), 4.65 (dd, J = 10.2, 5.2 Hz, 1H), 
4.24 (dd, J = 11.3, 5.2 Hz, 1H), 4.12 (d, J = 16.6 Hz, 1H), 3.81 (s, 3H), 2.49-2.37 (overlap 
2H).   
13C NMR (126 MHz, CDCl3): δ 158.9, 146.7, 144.1, 139.1, 135.5, 128.8, 128.7, 128.6, 
128.4, 128.3, 128.2, 127.4, 127.3, 126.59, 126.57, 116.8, 113.9, 113.5, 62.6, 62.5, 55.30, 



















CHAPTER TWO  
 
 
Synthesis of Benzopyrans via a Three Component  




 Benzopyrans are core motifs present in many natural products.3  Proposed 
biosynthetic pathways to these scaffolds often arise from simple precursors in a 
convergent assembly.  There are several natural product syntheses that disclose 
multicomponent reaction strategies to access benzopyrans.41,42  Previously, we 




reactions with olefins, mediated by iron trichloride.43  Herein, we discuss our 
progress in the development of a three-component approach to benzopyrans.   
 
Background 
Multicomponent reactions in the synthesis of benzopyran natural products 
 
 Bharate and Singh published a one-pot, three-component synthesis of the 
robustadials A and B (Figure 2.1).41  These compounds are of interest due to 
perceived antimalarial activity and were isolated from Eucalyptus robusta.44 A 
hetero-Diels-Alder reaction with -pinene 2.3 and the corresponding oQM was 
suggested as the biosynthetic pathway.  Bharate and Singh generated the oQM in 
situ from diformylphloroglucinol and isovaleraldehyde, and this intermediate was 
trapped with -pinene to provide 2.4 and 2.5.  They observed complete 
regioselectivity in the products with the spirocenter formed exclusively adjacent 







Figure 2. 1. Singh’s synthesis of robustadials A and B.   
 
George and Spence implemented a similar strategy in their biomimetic 
approach to ent-penilactone A and penilactone B in 2013.42 Penilactone A and 
penilactone B were isolated by Li in 2012.45 These polyketide derived metabolites 
were isolated from a deep sea fungus, Penicillium crustosum PRB-2, and are 
considered extremophiles, meaning they are organisms that thrive in extreme 
temperature and pressure.46  George and Spence proposed a biosynthesis to 
account for the formation of the two natural products from clavatol 2.8 beginning 
with an initial oxidation to an oQM followed by a cascade of Michael additions 






Figure 2. 2.  George and Spence’s biomimetic synthesis of penilactone A. 
 
Their retrosynthesis mimicked the proposed biosynthetic pathway.  In their 
synthetic route, they identified an oQM synthon and tetronic acid as synthons to 
the natural product.  In the initial synthesis, 2.13 was chosen as the oQM precursor 
featuring an acetate leaving group (Figure 2. 3).  They isolated ent-penilactone A 
in 93% yield as a single diastereomer after refluxing in toluene for 16 h in a sealed 






Figure 2. 3.  Total synthesis of ent-penilacton A from an oQM precursor and tetronic acid. 
 
After completing the synthesis of ent-penilactone A from the oQM 
precursor, they set out to synthesize the compound in a five-component reaction, 
closely resembling their proposed biosynthetic pathway (Figure 2. 4).  Sodium 
acetate and acetic acid mediated the initial Friedel-Crafts reaction between 2.16 
and formaldehyde.  The cascade reaction between the oQM and tetronic acid 2.14 
afforded the benzopyran 2.15 adduct in 46% yield in 40 h at elevated temperatures.  
This highly convergent strategy showcases the utility of multicomponent reactions 
to afford benzopyrans.   
 
 
Figure 2. 4. Five-component total synthesis of ent-penilactone A from a phenol, formaldehyde 





Multicomponent reactions to synthesize benzopyrans 
 
 Barbato and Schaus demonstrated a multicomponent reaction (MCR) using 
phenols, aldehydes and boronates to access o-substituted phenols (Figure 2. 5).47  
Their method begins with an initial boronate mediated Friedel-Crafts alkylation 
reaction between a phenol and an aldehyde to generate a dioxaborin intermediate.  
The chiral biphenol enables an enantioselective delivery of the nucleophilic 
boronate to furnish o-substituted phenols in high yields and selectivities.   
 
 
Figure 2. 5. Barbato and Schaus, one-pot, enantioselective multicomponent reaction catalyzed 
by chiral biphenols 
 
In the course of their studies, an electron-rich styrenyl boronate, p-methoxy 




reacted to furnish the o-substituted phenol and also formed a side product, a 
benzopyran. At increased temperature and pressure, they observed a shift in the 
chemoselectivity of the reaction and the benzopyran adduct dominated the 
reaction outcome.  In their studies, elevated temperatures were required for the 
initial Friedel-Crafts alkylation and formation of the o-substituted phenol.  An 
increase in the reaction temperature from 80 °C to 150 °C, for an additional hour, 
promoted the cyclization reaction to generate the benzopyran 2.20a (Figure 2. 6).  
They propose that the three-component experiment first forms the o-substituted 
phenol, a subsequent protonation of the alkenyl substituent generates a benzyl 
carbocation which is trapped by the phenolic oxygen to afford the benzopyran.   
 
 
Figure 2. 6. Barbato and Schaus: enantioselective MCR to afford benzopyrans catalyzed by I2-
BINOL. 
 
Priya and coworkers disclosed a zinc chloride catalyzed method to access 




reacted with aromatic aldehydes to generate oQM’s in situ which were trapped 
with amino benzothiazole.  This reaction required elevated reaction temperatures 
and proceeded in moderate yield.  
 
 
Figure 2. 7.  Priya and coworkers, three component nucleophilic additions to insitu generated 
oQM’s 
 
Results and Discussion 
 
Multicomponent condensation reactions with phenols, aldehydes and olefins: efficient 
assembly of benzopyrans 
 
 At the outset of our studies, reactions were designed to test for benzopyran 
formation in a multicomponent condensation reaction mediated by a Lewis acid 
(Table 2. 1).  Retrosynthetically, we hypothesized the benzopyran could arise from 




acid in initial studies due to the success in benzopyran formation from o-
hydroxybenzyl alcohols with olefins.   
 
 
entry additive temp  solvent time Isolated 
yield % 
1 -- 100 °C PhCH3 22.5 h N.R. 
2 HCl/Ether (0.2 equiv) 100 °C PhCH3 22.5 h 23% 
3 FeCl3•6H2O 100 °C PhCH3 22.5 h 50% 
4 FeCl3•6H2O 80 °C PhCH3 24 h 46% 
5 FeCl3•4H2O 80 °C PhCH3 24 h 35% 
6 FeCl3, 3 Å MS (200 mg) 80 °C PhCH3 24 h 22% 
Reaction conditions: the reactions were run sesamol (2.0 equiv), aldehyde (2.0 equiv), 
p-methoxy styene (1.0 equiv, 0.745 mmol), 0.5 M with respect to styrene and 10 mol 
% catalyst with respect to phenol. Isolated yields. 
Table 2. 1. Initial metal screen for the MCR reaction of sesamol, benzaldehyde and p-
methoxystyrene.   
 
From these preliminary reactions, iron(III) chloride hexahydrate performed 
best and was used as the benchmark catalyst in subsequent optimization studies.  
The reactions were run with 2.0 equivalents of the phenol, 2.0 equivalents of the 
aldehyde and 1.0 equivalent of the olefin.  Initially, increased reaction 




and the aldehyde.  In subsequent studies, the reaction proceeded to form the 
benzopyran at room temperature or at 60 °C.   
The scope of the method was evaluated for phenols, aldehydes, and olefins 
(Figure 2. 8).  3,4-Dimethoxyphenol, benzaldehyde, and styrene afforded 2.30 in 
90% yield, 3:1 dr after purification by Si2O chromatography.  An electron-deficient 
aldehyde with an aryl halide, p-Cl-benzaldehyde, was evaluated and provided the 
benzopyrans 2.31 in 86% yield, 4:1 dr.  An aliphatic aldehyde, 
cyclohexylcarbaldehyde was tolerated in the system to furnish 2.32 in 80% yield 
with poor dr 2:1.  Other electron-rich and electron-poor aldehydes were tested in 
the reaction to test the scope of the method.  Electron-rich aryl aldehydes, p-
anisaldehyde, pipernal, and 2-thiophenecarboxaldehyde reacted in moderate 
yields to form benzopyrans (2.33, 2.34, 2.35).  4-(Trifluoromethyl)benzaldehyde, 
an electron-deficient aldehyde proceeded in poor yield and moderate selectivity.  
Styrene derived olefins were tested as these olefins proceeded in high yields as in 
our previous studies in chapter one.   
The reaction required electron-rich phenols featuring electron-donating 
groups at the 3’ and 4’ position.  Rokita’s studies also highlight the importance of 
electron-rich substituents at these positions.18  The electronics of the phenol 




intermediate.  Furthermore, electron-donating groups at the 3’-position are able to 
participate in resonance with the methide carbon, thus can act as a stabilizing 
group to reactive intermediates. 18   
 
 
Figure 2. 8.  Substrate scope for the MCR with phenols, aldehydes and olefins.   
 
Multicomponent condensation reactions with phenols, acetals and olefins catalyzed by 
iron salts 
 
 The MCR with aldehydes provides benzopyrans with yields as high as 90% 




the phenol were imperative for reactivity and conversion to product.  We 
hypothesized that the electron-donating groups on the phenol assist both the 
initial Friedel-Crafts hydroxyalkylation with the aldehyde and the subsequent 
dehydration to generate the benzomethane intermediate.  We postulated using an 
acetal instead of an aldehyde would facilitate the Friedel-Crafts hydroxyalkylation 
and potentially increase the reactivity to outcompete side reactions.  An 
experiment was designed to determine if changing the electrophile from an 
aldehyde to an acetal had an effect on the reaction outcome (Figure 2. 9).   
 
 
Figure 2. 9. MCR electrophile comparison study with benzalehyde and benzaldehyde 
dimethyl acetal.   
 
 The MCR with sesamol, benzaldehyde dimethyl acetal and indene 
proceeded with increased yield, which warranted further investigation.  Other 




determine if the yield or selectivity could be improved (Table 2. 2).  Anhydrous 
iron trichloride provided the benzopyran in modest yield and poor selectivity.  
The iron trichloride hexahydrate proceeded with a slight increase in yield and 
increasing the reaction time did not allow for more product formation, the yield 
did not improve from 2 hours to 10 hours.  Metals with other counterions were 
tested to determine if high yields could be attained. These metals were evaluated 
after 2 hours in direct comparison to iron trichloride hexahydrate.  Scandium 
triflate and copper triflate worked well with this substrate combination, 58% yield 
and 49% yield respectively, (Table 2. 2, entries 7, 8).  However, scandium triflate, 
in particular, enabled detrimental reaction pathways with other substrate 
combinations.  When scandium triflate was tested, in some cases, a complex 
mixture of four benzopyran adducts were isolated, suggesting an oxa-Povarov 
pathway was also operative.  Additional metal chlorides were capable of 






entrya metal salt time (h) temp yieldb drc 
1 FeCl3 2 rt 53% 3:1 
2 FeCl3•6H2O 1 rt 50% 3:1 
3 FeCl3•6H2O 2 rt 56% 5:1 
4 FeCl3•6H2O 5 rt 54% 5:1 
5 FeCl3•6H2O 5 4 °C 53% 3:1 
6 FeCl3•6H2O 10 rt 56% 4:1 
7 Sc(OTf)3 2 rt 58% 5:1 
8 Cu(OTf)2 2 rt 49% 3:1 
10 RuCl3•H2O 2 rt 46% 4:1 
11 ZrCl4 2 rt 25% 3:1 
12 IrCl3 2 rt <4% -- 
aReactions conditions: 1.0 mmol sesamol, 1.0 mmol acetal and 0.5 mmol styrene, 0.5M 
with respect to styrene and 10 mol% with respect to sesamol, bisolated yields, 
cdiastereomeric ratio determined by 1H NMR. 
Table 2. 2. MCR metal optimization with phenols, acetals, and olefins.   
 
 A combinatorial substrate scope was completed with aryl acetals and 
different phenols and olefins (Figure 2. 10).  Electron-rich phenols were required; 
sesamol and 3,4-dimethoxyphenol were tested with aryl dimethyl acetals.  1,1’-
Disubstituted olefins provided the corresponding benzopyrans, in excellent yields 
(Figure 2. 10, 2.41, 2.42 and 2.43).  Indene afforded benzopyrans with three 
contiguous stereocenters favoring the endo-adduct.  Styrenes proceeded in 




low yields. We hypothesized the pyran ring fused to the benzofuran ring could be 
protonated followed by a rearomatization ring opening to afford a triaryl methane.  
However these decomposition adducts were not isolated.  Lastly, a cyclic alkene, 
norbornene demonstrated tolerability of non-styrene derived dienophiles, and 





Substrate scope for the multicomponent condensation reactions with phenols, acetals and 
olefins mediated by iron salts 
 
 
Figure 2. 10 Substrate scope for the MCR with phenols, acetals, and olefins.   
 
 Initially, benzaldehyde dimethyl acetal performed in higher yield than 




poor acetals were investigated to further probe the acetal scope.  p-Methoxy 
benzaldehyde dimethyl acetal provided the benzopyrans in excellent to good 
yields (2.43, 2.45 and 2.47).  An electron-poor aryl acetal, o-Br-benzaldehyde 
diethyl acetal proceeded in poor yield, 44% (2.49).  The low yield could be a result 
of the electronics of the benzomethane intermediate, as the o-Br is a withdrawing 
substituent and will destabilize the methide carbon.  Additionally, the o-bromine 
is a bulky substituent, thus there could be an unfavorable steric interaction in the 
transition state, contributing to the low yield.   
Reactions with p-methoxy benzaldehyde dimethyl acetal provided the 
benzopyrans in comparable yields to benzaldehyde dimethyl acetal when -
methyl-styrene and indene were used as olefins.  The yields with highly 
oxygenated benzomethane intermediates (2.43 and 2.45) were slightly lower than 
(2.42 and 2.44), possibly due to the instability of the oQM as hypothesized by 
Rokita.18  When p-methoxy styrene was used as the olefin, the p-methoxy 
benzaldehyde dimethyl acetal afforded a greater yield than benzaldehyde 
dimethyl acetal.  Efforts were made to increase the reaction yield of this substrate 
combination, but the yields persisted around 50%.  A key observation during these 
reactions was the formation of a side product arising from benzaldehyde dimethyl 




observed with benzaldehyde dimethyl acetal and p-methoxy styrene.  It co-eluted 
with the benzopyran product and was removed by washing the product with cold 
hexanes.   
 
 
Figure 2. 11.  Side reaction with p-methoxystyrene and proposed mechanism the formation of 
2.52 and 2.53.  
 
 A byproduct arising from the acetal and olefin was only observed with 
these two specific reaction partners.  A mechanism was proposed to account for 
the byproduct formation (Figure 2. 11).  In the presence of acid, benzaldehyde 
dimethyl acetal is in equilibrium with an oxonium ion 2.56.  p-Methoxy styrene is 
a very electron rich olefin with a Highest Occupied Molecular Orbital (HOMO) at 




at the terminal carbon of the olefin due to the distal methoxy.  p-Methoxy styrene 
can react as a nucleophile with the π* orbital of the oxonium resulting in a 
resonance stabilized secondary carbocation 2.57.  The carbocation is trapped with 
an equivalent of methanol to afford the byproduct as a mixture of diastereomers.   
 The metal loading was evaluated for sesamol, benzaldehyde, and p-
methoxy styrene (Table 2. 3).  The initial reaction was designed with 10 mol % iron 
trichloride hexahydrate and generated the benzopyran in 56% yield, 5:1 dr (Table 
2. 3, Entry 2).  Increasing the iron loading to 20 mol % resulted in a minimal 
increase in yield and a slight drop in the diastereoselectivity (Table 2. 3, Entry 1).  
Reactions were designed to determine if less iron could be utilized and still afford 
a moderate yield.  Gratifyingly, 5 mol % and 2.5 mol % iron (III) chloride provided 
similar yields and selectivities albeit with longer reaction times (Table 2. 3, Entries 






Entrya catalyst loading time Yieldb Drc 
1 20 mol% 2 h 60% 4:1 
2 10 mol% 2 h 56% 5:1 
3 5 mol% 4 h 51% 5:1 
4 2.5 mol% 6 h 53% 5:1 
a. The reactions were run at 0.5 mmol scale and 0.5M concentration with respect 
to dienophile.  The catalyst loading is respect to phenol. b. Reported yields are 
isolated yields after flash chromatography over SiO2 c. dr is determined by 1H 
NMR.  
Table 2. 3. MCR with phenols, acetals and olefins, catalyst loading screen.   
 
MCR Scale-up with sesamol, benzaldehyde dimethyl acetal and indene 
 
 A scale-up study was completed with benzopyran 2.44 (Figure 2. 12).  The 
initial result on 1.0 mmol scale was 86% yield and 6:1 dr (Figure 2. 12, Eq. 1).  A 
trituration with hot hexanes was sufficient to recover more of the major 
diastereomer.  Increasing the reaction scale three-fold to 3.0 mmol provided the 
benzopyran with a slight decrease in yield and selectivity (Figure 2. 12, Eq. 2).  
After trituration of this experiment, a 60% yield as a single diastereomer of 2.44 
was recovered.  A second three-fold increase to 9.0 mmol generated the 




was run with 1.0 g of olefin and afforded 2.2 g of benzopyran 2.44 as a 3:1 mixture 
of diastereomers.   
 
 
Figure 2. 12.  Scale up study of the MCR with sesamol, benzaldehyde dimethylacetal and 
indene. 
 
Determination of the major diastereomer  
 
 The structure of the major diastereomer was assigned with NMR 
spectroscopy.  The gCOSY of 2.39 shows coupling of both benzylic protons on the 
pyran ring (Ha and Hd) to the adjacent methylene protons (Hb and Hc) (Figure 2. 
13).  In the gCOSY, the coupling of Ha to the methylene protons (Hb and Hc) and 




correlations, indicating that these protons are bonded to vicinal carbons.  The 2D 
NOESY experiment highlights correlations through spatially proximal protons.  In 
this experiment, the benzylic protons (Ha and Hd) of the major diastereomer have 
an off-axis through space correlation (Figure 2. 14).  However, the benzylic protons 
for the minor diastereomer do not have a correlation.  This data supports the 
assignments; the major diastereomer as being syn and the minor diastereomer as 






Figure 2. 13. gCOSY NMR (400 MHz, CDCl3) 
 
 




Mechanistic Studies  
 
 The MCR with phenols, acetals, and olefins could form 16 possible 
benzopyrans through divergent mechanistic pathways.  The benzopyrans in the 
top equation (Figure 2. 15, Eq. 1) occur from a reaction with the phenol and the 
acetal to form a new C-C bond.  In this step, the acetal generates an oxonium ion 
after elimination of an equivalent of alcohol.  This electrophile reacts with the 
phenol to generate a new C-C bond in a Friedel-Crafts reaction.  After generation 
of the reactive benzomethane, a cycloaddition with the olefin affords the mixture 
of benzopyrans.  There are two possible regioisomers for the HDA cycloaddition.  
The regiochemical outcome is dictated by electronics.  The benzomethane 
intermediate is highly polarized with the electron density localized on the oxygen.  
The more nucleophilic carbon of the olefin will react at the methide carbon of the 
benzomethane intermediate.  This reaction sequence proceeds in a hetero-Diels-
Alder (HDA) cycloaddition.   
The second possible reaction sequence occurs from an initial reaction with 
the phenol and the acetal to form an oxonium ion which reacts with the olefin to 




mixture of regioisomers.  This proposed MCR proceeds in an oxo-Povarov 




Figure 2. 15.  Projected benzopyran reaction outcomes from a MCR with phenols, acetals and 
olefins.  
 
 In our hands, the reaction between sesamol, benzaldehyde dimethyl acetal, 




evident that the two benzylic protons are not adjacent to one another as these do 
not have an off-axis coupling in the gCOSY NMR which would be expected for 
vicinal protons.  This data supports the hypothesis that the MCR proceeds with 
high levels of regiocontrol, as only one regioisomer, and two diastereomers were 
isolated.  Upon close examination of the 1H NMR and 13C NMR, the benzopyrans 
match literature values of known compounds with structures arising from the 
HDA pathway.47  This experimental result supports our hypothesis that the 
reaction initiates with a metal-mediated Friedel-Crafts alkylation to form the 
reactive benzomethane intermediate from the phenol and the acetal components.  
The benzopyran is generated after a regioselective cycloaddition with the olefin to 
form a mixture of diastereomers arising from the endo and exo transition states 
(Figure 2. 16).   
 
 
Figure 2. 16.  Mechanistic considerations for the MCR.  
 
 An experiment was designed to probe diastereoselectivity over time.  




tested at 100 °C.  The isolated benzopyrans were evaluated by 1H NMR to measure 
the dr. In each trial, a mixture of benzopyrans with 1:1.2 dr or 1:1.1 dr were 
isolated.  Resubjecting the benzopyran mixture to a weakly acidic environment 
did not result in epimerization or a significant change in the dr (Table 2. 4 entry 
3c).  These results indicate the reaction proceeds with a thermodynamic 
distribution of the products. 
 
 
entry time (h) yield %a drb 
1 2  37% 1:1.2 
2 4.5 70% 1:1.1 
3 8 67% 1:1.2c 
a. isolated yields after chromatography on Si2O, b. dr measured by 1H NMR, c. the 
benzopyran was stirred overnight in solvent and silica and the resulting dr was 
determined to be 1.3 
Table 2. 4. Experiments to evaluate the diastereomeric ratio over time.   
 
Proposed MCR mechanism 
 
 We have proposed a mechanism for the multicomponent reaction to afford 




phenol to form the first phenolate intermediate 2.59.  A subsequent Friedel-Crafts 
alkylation with the electrophile provides the in situ generated benzomethane 
intermediate 2.61.  We found electron-rich phenols are necessary for the Friedel-
Crafts alkylation to occur.  A greater yield is achieved when acetals are employed 
instead of aldehydes.  Under the reaction conditions, acetals react to generate 
oxonium intermediates.  The reaction with a phenol and an oxonium ion is more 
facile as the oxonium ion has a lower lying π* orbital than an aldehyde π* orbital.  
This experimental data supports the Friedel-Crafts alkylation step as the rate-
limiting step.  Next, a condensation reaction generates intermediate 2.61.  This 
intermediate is rapidly trapped with the olefin to afford a benzopyran with 






Figure 2. 17. Proposed reaction mechanism for the iron mediated MCR with phenols, acetals or 




 We set out to synthesize benzopyrans from simple, readily available 
precursors.  In our studies, we tested phenols and aldehydes as reaction partners 
to generate reactive benzomethane intermediates in situ in the presence of iron 
trichloride.  The benzomethane intermediates were trapped with electron-rich 
olefins to afford benzopyrans.  This reaction required electron-rich phenols, and 
the yields were highly variable, with many substrates providing only moderate 
yields of the benzopyrans in the 40-50% range.  Acetals were employed in the place 




yields of the benzopyrans.  This convergent strategy is scalable, and on a one-gram 
scale of limiting reagent, 2.2 grams of benzopyran product were isolated after 24 
hours.  Based on our experimental observations, a mechanism was proposed for 
the one-pot MCR mediated by iron trichloride with phenols, aldehydes or acetals 






General procedure for the MCR of phenols, aldehydes and olefins 
 
To an oven dried flask equipped with a magnetic stir bar was added phenol (2.0 
mmol, 2 equiv), aldehyde (2.0 mmol, 2 equiv), dienophile (1.0 mmol, 1 equiv), 
chloroform 2.0 mL, and lastly FeCl3•6H2O (54 mg, 10 mol% with respect to 
phenol).  The reaction vessel was capped with a septa, parafilmed and monitored 
by TLC.  Generally monitored with 90:10 or 85:15 hexanes:EtOAc. Upon 
consumption of the limiting reagent, the reactions were quenched with a basic 
aqueous workup with saturated sodium bicarbonate.  Extracted with 3 x 30 mL 
chloroform, combined organic layers were rinsed with brine, dried over 
anhydrous Na2SO4, and concentrated under reduced pressure.  Purified by flash 
chromatography with SiO2 and ethyl acetate in hexanes. 
General procedure for the MCR of phenols, acetals and olefins 
 
To an oven dried flask equipped with a magnetic stir bar was added phenol (2.0 
mmol, 2 equiv), aldehyde (2.0 mmol, 2 equiv), dienophile (1.0 mmol, 1 equiv), 




phenol).  The reaction vessel was capped with a septa, parafilmed and monitored 
by TLC.  Generally monitored with 90:10 or 85:15 hexanes:EtOAc. Upon 
consumption of the limiting reagent, the reactions were quenched with a basic 
workup with saturated sodium bicarbonate.  Extracted with 3 x 30 mL chloroform, 
combined organic layers were rinsed with brine, dried over anhydrous Na2SO4, 
filtered and concentrated under reduced pressure.  Purified by flash 





The general procedure for the multicomponent reaction of phenols, aldehydes and 
dienophiles to afford benzopyrans was followed. The reaction was run at 60 °C for 
8 hours.  The crude reaction was purified by flash chromatography with SiO2 and 
an elution of 95:5 to 90:10 hexanes:EtOAc. (2.30) was isolated in 90% yield, 0.3105g, 
3:1 dr, pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 7.49 (d, J = 7.5 Hz, 2 H), 7.41-7.37 (overlap, 2H), 7.32 




1H), 4.32 (dd, J = 12.0, 6.0 Hz, 1H), 3.85 (s, 3H), 3.62 (s, 3H), 2.40 (ddd, J = 13.7, 6.0, 
1.5 Hz, 1H), 2.23 ( J = 13.7, 12.0, 11.5 Hz, 1H).    
13C NMR (125 MHz, CDCl3): δ 149.8, 149.6*, 149.1*, 148.8, 146.5*, 144.9, 143.6*, 
143.3, 141.7*, 141.3, 128.73, 128.71*, 128.6, 128.54*, 128.51, 128.1, 127.9*, 126.8, 
126.5*, 126.20, 126.17*, 116.1, 113.3*, 113.0*, 112.6, 101.0, 100.9*, 78.2, 73.1*, 56.43, 
56.35*, 56.34*, 55.9, 43.2, 41.3, 40.2*, 38.8*  (*Indicates prominent peaks arising from 
the minor diastereomer). 
IR (thin film, cm-1): 2951.52, 1618.14, 1504.98, 1464.00, 1451.98, 1406.15, 1259.94, 
1217.03, 1194.51, 1169.74, 1126.35, 1062.44, 1050.01, 1021.73, 828.40, 744.56, 728.47, 
698.27.   












The general procedure for the multicomponent reaction of phenols, aldehydes and 
dienophiles to afford benzopyrans was followed.  The reaction was run at 60°C for 
3 hours.  The crude reaction was purified by flash chromatography with an elution 
of 95:5 to 90:10 hexanes:EtOAc to afford (2.31) in 86% yield, 0.3398 g, 4:1 dr, off-
white solid. 
1H NMR (500 MHz, CDCl3): δ 7.52 (m, 1H), 7.33 (dd, J = 6.7, 2.0 Hz, 2H), 7.27-7.24 
(overlap, 2H), 7.21(dd, J = 6.7, 2.0 Hz, 2H), 7.16 (m, 1H), 6.45 (s, 1H), 6.38 (m, 1H), 
5.37 (d, J = 4.5 Hz, 1H), 4.63 (d, J = 6.5 Hz, 1H), 3.80 (s, 3H), 3.66 (s, 3H), 2.96 (dddd, 
J = 10.5, 6.5, 6.5, 4.5 Hz, 1H), 2.87 (dd, 15.3, 10.5 Hz, 1H), 2.35 (dd, J = 15.3, 6.5 Hz, 
1H).   
13C NMR (125 MHz, CDCl3): δ 150.2, 148.5, 144.1, 143.2, 142.3, 141.1, 132.5, 130.5, 
129.2, 128.6, 126.8, 125.1, 125.0, 112.8, 111.9, 101.0, 80.5, 56.4, 55.8, 45.7, 42.0, 33.3. 
IR (thin film, cm-1): 2946.47, 2903.10, 1510.87, 1487.05, 1463.37, 1446.90, 1216.12, 
1195.05, 1169.15, 1139.64, 1132.60, 1099.12, 1011.02, 826.35, 766.42. 












The general procedure for the multicomponent reaction of phenols, aldehydes and 
dienophiles was followed.  The reaction stirred at 60°C and was monitored by 
TLC.  The reaction was quenched after 9 hours with a basic workup. The crude 
reaction was purified by column chromatography with 98:2 to 90:10 
hexanes:EtOAc to afford (2.32) as a white solid, 80% yield, 0.2802g, 2:1 dr.  
1H NMR (500 MHz, CDCl3): δ 7.48 (m, 1H), 7.21-7.16 (overlap, 2H), 7.01 (m, 1H), 
6.68 (s, 1H), 6.25 (s, 1H), 5.80 (dd, J = 9.0, 0.5 Hz, 2H), 5.67 (d, J = 8.5 Hz, 1H), 3.36 
(ddt, J= 12.5, 8.5, 4.0 Hz, 1H), 2.81-2.73 (overlap, 2H), 2.45 (dd, J = 16.5, 7.5 Hz, 1H), 
2.12 (d, J = 14.5 Hz, 1H), 1.96 (d, J =12.0 Hz, 1H), 1.88 (m, 1H), 1.81-1.73 (overlap, 
3H), 1.44-1.35 (overlap, 2H), 1.30-1.23 (overlap, 2H), 1.12 (m, 1H).   
13C NMR (125 MHz, CDCl3): δ 150.3, 145.3, 144.3, 142.1, 141.6, 128.9, 126.7, 125.9, 
124.5, 122.7, 106.2, 101.2, 100.6, 85.8, 41.6, 40.5, 36.5, 33.5, 33.1, 30.4, 26.8, 26.7, 26.4.   












The general procedure for the multicomponent reaction of phenols, aldehydes, 
and dienophiles to afford benzopyrans was followed.  The reaction stirred at room 
temperature.  After 3 hours, the styrene was consumed and the reaction was 
quenched with a basic workup.  The reaction was quenched with saturated 
sodium bicarbonate and extracted with 3 x 30 mL CHCl3.  The combined organic 
layers were rinsed with brine, dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure. The crude reaction was purified by column 
chromatography with SiO2 and an elution of 93:7 to 90:10 hexanes:EtOAc. (2.33) 
was isolated as a white solid in 65% yield, 0.2646 g, 3:1 dr. 
1H NMR (500 MHz, CDCl3): δ 7.39 (m, 2H), 7.13 (m, 2H), 6.92 (m, 2H), 6.85 (m, 2H), 




1H), 3.83 (3s, 3H), 3.82 (s, 3H), 3.81 (s, 3H), 3.62 (s, 3H), 2.33 (ddd, J = 12.7, 6.0, 1.5 
Hz, 1H), 2.19 (m, 1H). 
13C NMR (125 MHz, CDCl3): δ 159.4, 158.3, 149.7, 148.6, 143.1, 136.8, 133.3, 129.4, 
127.5, 116.4, 113.98, 113.94, 112.5, 100.8, 78.0, 56.4, 55.8, 55.31, 55.25, 42.4, 41.0. 
IR (thin film, cm-1): 2956.67, 2945.74, 2935.82, 2918.73, 1610.53, 1507.35, 1465.32, 
1454.86, 1441.53, 1247.64, 1215.90, 1195.76, 1174.11, 1124.93, 1103.63, 1044.99, 
1029.57, 1020.13, 922.71, 859.94, 812.49, 583.26. 









The general procedure for the multicomponent reaction of phenols, aldehydes and 
dienophiles was followed.  The reaction ran at 60 °C for 6 hours and was quenched 




remove excess aldehyde.  The reaction mixture was diluted with 2 mL DCM, 18 
mL MeOH and 76 mg of NaBH4 was added. This stirred at room temperature 
overnight. The reaction was quenched with saturated NH4Cl, extracted with 
EtOAc, combined organic layers were washed with brine, dried over anhydrous 
Na2SO4 and concentrated under reduced pressure.  The crude reaction was 
purified by column chromatography with SiO2 and an elution of 95:5 
hexanes:EtOAc. (2.34):  was afforded as a white solid in 58% yield, 0.2245g, 4:1 dr. 
Recrystallization in hexanes afforded 11:1 dr.   
1H NMR (500 MHz, CDCl3): δ 7.52 (dd, J = 6.5, 3.0 Hz, 1H), 7.28 (overlap, 2H), 7.16 
(dd, J = 6.0, 2.0 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.75 (dd, J = 8.0, 1.5 Hz, 1H), 6.72 
(d, J = 1.5 Hz, 1H), 6.41 (s, 1H), 6.37 (s, 1H), 5.98 (s, 2H), 5.84 (dd, J = 4.0, 1.2 Hz, 
2H), 5.40 (d, J = 5.0 Hz, 1H), 4.48 (d, J = 6.0 Hz, 1H), 3.00 (dddd, J = 10.5, 7.5, 6.0, 5.0 
Hz, 1H), 2.91 (dd, J = 15.2, 10.5 Hz, 1H), 2.52 (dd, J = 15.1, 7.5 Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 150.7, 147.7, 146.4, 146.3, 144.3, 142.2, 141.5, 135.9, 
129.2, 126.7, 125.2, 125.0, 122.5, 116.0, 109.4, 108.2, 108.0, 101.0, 100.8, 99.0, 81.4, 45.7, 
42.9, 33.6. 
IR (thin film, cm-1): 2895.75, 1503.43, 1487.98, 1474.89, 1442.28, 1431.14, 1337.32, 
1236.60, 1202.21, 1187.62, 1177.50, 1149.80, 1131.91, 1117.14, 1030.39, 938.71, 930.99, 













The general procedure for the multicomponent reaction of phenols, aldehydes and 
dienophiles was followed. The aldehyde was black and once added the flask, the 
solution was black in color.  Upon addition of the iron, the solution had a dark 
purple appearance.  The reaction flask was capped with a septa, parafilmed and 
set to stir at 60 °C.  The reaction was monitored by TLC and was quenched after 
24 hours with a basic workup with saturated sodium bicarbonate, extracted with 
3x30 mL EtOAc, combined organic layers were washed with brine and dried over 
anhydrous Na2SO4. The resulting solution was concentrated under reduced 
pressure.  The crude residue was subjected to reducing conditions to remove 




MeOH and NaBH4 (75.3 mg, 2 mmol) was added. This stirred at room temperature 
for 3 hours and was quenched with saturated ammonium chloride, extracted 3x30 
mL EtOAc, combined organic layers were pooled, rinsed with brine, dried over 
anhydrous Na2SO4 and concentrated under reduced pressure.  The crude reaction 
mixture was purified by column chromatography with SiO2 and an elution of 98:2 
to 93:7 hexanes:EtOAc. (2.35) was afforded in 55% yield, 0.1929g, 9:1 dr.  The 
product was recrystallized with boiling hexanes to afford 46% yield, 11:1 dr.   
1H NMR (500MHz, CDCl3): δ 7.53 (m, 1H), 7.28-7.24 (overlap, 3H), 7.15 (m, 1H), 
7.04 (dd, J = 5.0, 3.5 Hz, 1H), 7.01 (d, J = 3.5 Hz, 1H), 6.47 (s, 1H), 6.33 (s, 1H), 5.58 
(d, J= 6.5 Hz, 1H), 4.82 (d, J = 5.5 Hz, 1H), 3.28 (dddd, J = 8.5, 8.0, 6.5, 5.5 Hz, 1H), 
2.96 (dd, J = 8.5 Hz, 1H) 2.86 (dd, J = 8.0 Hz, 1 H). 
13C NMR (126MHz, CDCl3): δ 149.9, 146.5, 143.9, 143.8, 141.78, 141.75, 129.2, 126.9, 
126.7, 126.5, 125.5, 124.9, 124.3, 118.4, 107.5, 100.8, 99.6, 82.8, 45.4, 38.9, 34.2. 
IR (thin film, cm-1): 2922.25, 1497.10, 1473.77, 1434.28, 1134.85, 1031.94, 1018.82, 
764.49.  











The general procedure for the multicomponent reaction of phenols, aldehydes and 
dienophiles was followed.  This was allowed to stir at 60 °C for 6 hours. The crude 
reaction was quenched with a basic workup with saturated sodium bicarbonate.  
The crude residue was subjected to reducing conditions to remove excess 
aldehyde.  The crude reaction was dissolved in 2 mL dry DCM, 18 mL MeOH and 
NaBH4 (80 mg, 2.0 mmol).  This stirred for 2 hours at room temp and was quenched 
with aqueous NH4Cl extracted with 3 x 30mL EtOAc, combined organic layers 
were washed with brine, dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure.  The crude mixture was purified by column 
chromatography with silica and an elution of 95:5 to 90:10 hexanes:EtOAc to afford 
(2.36) in 48% yield, 3:1 dr, white solid.   
1H NMR (500MHz, CDCl3): δ 7.50 (m, 1H), 7.36 (t, J = 7.0 Hz, 2H), 7.26-7.32 (overlap 




1.5, Hz, 2H), 5.43 (d, J = 5.0 Hz, 1H), 4.56 (d, J= 6.3 Hz, 1H) 3.05 (dddd, J = 10.0, 7.3, 
6.3, 5.0 Hz, 1H), 2.92 (dd, J = 15.5, 10.0 Hz, 1 H), 2.46 (dd, J = 15.5, 7.3 Hz, 1H).   
13C NMR (126MHz, CDCl3): δ 150.8, 146.4, 144.3, 142.2, 142.1, 141.5, 129.3, 129.1, 
128.5, 126.8, 126.7, 125.2, 125.0, 116.0, 108.1, 100.8, 99.0, 81.5, 45.5, 43.2, 33.6. 
IR (thin film, cm-1): 2912.19, 1504.71, 1486.89, 1477.53, 1451.37, 1426.24, 1333.84, 
1235.28, 1194.96, 1176.59, 1147.90, 1117.35, 1051,45, 1030.37, 933.94, 926.77, 887.00, 
866.05, 826.37, 759.52, 745.59721.31, 704.23. 








 The general procedure for the multicomponent reaction of phenols, aldehydes 
and dienophiles was followed.  The reaction stirred at room temperature for 3 
hours. The reaction was quenched with a basic workup.  The crude reaction was 




hexanes:EtOAc to afford (2.37) in 43% yield, 0.1835 g, 5:1 dr. The spectral 
assignments correlate to those previously reported in the literature.11 The NMR 
spectra are provided to confirm compound purity. 
1H NMR (500 MHz, CDCl3): δ 7.58 (d, J = 8.0 Hz, 2H), 7.39 (m, 2H), 7.34 (d, J = 8.0 
Hz, 2H), 6.93 (m, 2H), 6.51 (s, 1H), 6.15 (s, 1H), 5.85 (dd, J = 7.5, 1.0 Hz, 2H), 5.07 
(dd, J = 11.5, 1.2 Hz, 1H), 4.34 (dd, J = 12.0, 6.0 Hz, 1H), 3.81 (s, 3H), 2.36 (ddd, J = 
13.5, 6.0, 1.2 Hz, 1H), 2.20 (ddd, J = 13.5, 12.0, 11.5Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 159.6, 159.4*, 150.7, 150.4*, 149.2, 147.5*, 147.0, 
141.9*, 141.8, 133.0*, 132.9, 129.0, 128.8, 127.5, 127.4, 125.7,116.1, 114.0, 113.9*, 108.1, 
101.1*, 101.0, 98.9, 77.7, 72.7*, 55.4*, 55.3, 43.4, 40.5, 40.4*, 37.9* (*indicates 
prominent peaks corresponding to the minor diastereomer). 
IR (thin film, cm-1): 2918.80, 1616.49, 1514.68, 1501.83, 1479.40, 1435.57, 1419.40, 
1322.81, 1245.53, 1146.96, 1120.49, 1088.91, 1066.51, 1035.61, 1017.24, 939.31, 917.95, 
864.02, 829.87, 761.51.   
MS (m/z): [M+H]+ calculated for C24H19F3O4 429.1; found 429.1. 
                                                 













The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles to afford benzopyrans was followed. The reaction was run at 60 °C for 
24 hours and quenched with a basic work up.  The crude reaction was subjected 
to reducing conditions, dissolved in 2 mL dry DCM, 18 mL MeOH, and NaBH4 (80 
mg, 2.0 mmol) to reduce the excess aldehyde.  This ran at room temperature for 3 
hours and was quenched with saturated NH4Cl, extracted 3 x 30mL EtOAc, 
combined organic extracts were rinsed with saturated sodium chloride, dried over 
anhydrous Na2SO4, filtered and concentrated under reduced pressure.  Purified by 




(2.41) was afforded in 95% yield, 0.3874 g, as a white solid.  The spectra 
assignments are in agreement with literature values.12  
1H NMR (500 MHz, CDCl3): δ 7.53-7.46 (overlap 4H), 7.18-7.36 (overlap 11 H), 6.67 
(s, 1H), 6.06 (s, 1H), 5.82 (dd, J = 14.5, 1.5 Hz, 2 H), 3.78 (dd, J = 12.5, 5.5 Hz, 1H), 
3.08 (dd, J = 13.7, 5.5 Hz, 1H), 2.55(dd, J = 13.7, 12.5 Hz, 1H).  
13C NMR (125 MHz, CDCl3): δ 148.8, 146.9, 145.7, 144.6, 143.3, 141.5, 128.68, 128.65, 
128.57, 128.2, 127.3, 127.1, 126.8, 126.3, 125.6, 108.3, 100.8, 98.8, 81.9, 42.1, 40.3.  
IR (thin film, cm-1): 2955.26, 2874.27, 1498.37, 1480.38, 1455.10, 1448.25, 1427.41, 
1241.21, 1184.76, 1151.84, 1099.56, 1077.06, 1063.18, 1045.50, 1034.50, 936.05, 923.30, 
910.15, 872.42, 833.02, 781.54, 759.28, 744.86, 727.01, 701.85, 696.33, 590.23.  
MS (m/z): [M+H]+ calculated for C28H22O3 407.1; found 407.1. 
SMILES:C1(OCO2)=C2C=C(OC(C3=CC=CC=C3)(C4=CC=CC=C4)CC5C6=CC=CC





                                                 




The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles to afford benzopyrans was followed.  Upon addition of the iron, the 
reaction turned green and then red after a couple minutes of stirring. The reaction 
was allowed to stir at 60 °C and was quenched after 6 hours with a basic workup 
up.  The crude reaction was purified by column chromatography with neutral 
alumina and an elution 98:2 to 95:5 hexanes:EtOAc. (13b) was afforded in 93% 
yield, 0.3203 g, dr 1.0: 1.55 as a white solid. 
1H NMR (500MHz, CDCl3): δ 7.51 (m, 2H), 7.38-7.09 (overlap, 8H), 6.55 (s, 1H), 6.23 
(s, 1H), 5.80 dd, J = 9.0, 1.5 Hz, 2H), 4.11 (dd, J =12.0, 6.0 Hz, 1H), 2.33 (dd, J = 13.6, 
6.0 Hz, 1H), 2.13 (dd, J = 13.6, 12.0 Hz, 1H), 1.65 (s, 3H).  
13C NMR (126MHz, CDCl3): δ 149.0, 148.6, 147.0, 146.9, 146.8, 145.2, 144.75, 144.72, 
141.5, 141.3, 128.71, 128.68, 128.64, 128.61, 128.3, 127.0, 126.84, 126.77, 126.70, 125.0, 
124.4, 117.1, 116.2, 108.42, 108.38, 100.9, 100.8, 99.2, 98.4, 79.0, 77.7, 44.5, 42.8, 40.3, 
40.0, 32.2, 24.6. 
IR (thin film, cm-1): 2977.98, 2879.49, 1499.65, 1477.47, 1452.68, 1427.40, 1373.53, 
1271.70, 1244.45, 1213.54, 1149.45, 1094.99, 1065.02, 1037.53, 939.11, 909.11, 856.37, 
759.23, 736.14, 726.36, 697.45.  











The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles was followed. The reaction was stirred at 60 °C for 6 hours.  The crude 
reaction mixture was quenched with a basic workup.  The crude reaction mixture 
was purified by column chromatography with silica and an elution of 98:2 to 93:7 
hexanes:EtOAc to afford (2.43) 89% yield, 0.334 g, 1:1 dr, white solid.   The spectra 
are in agreement with literature values.13 
1H NMR (500MHz, CDCl3): δ 7.57 (d, J = 7.5 Hz, 2H), 7.43-7.33 (overlap 2H), 7.29 
(dd, J = 7.5, 7.5 Hz, 1H), 7.12 (d, J = 8.5 Hz, 2H), 6.87 (dd, J = 8.5, 8.5 Hz, 2H), 6.61 
(s, 1H), 6.31 (s, 1H), 5.87 (dd, J = 9.0. 1.0 Hz, 1H), 4.13 (dd, J = 11.5, 6.0 Hz, 1H), 3.82 
(s, 3H), 2.37 (m, 1H), 2.16 (t, J = 12.5 Hz, 1H), 1.71 (s, 3H). 
                                                 





13C NMR (126MHz, CDCl3): δ 158.34, 158.29, 148.9, 148.5, 146.9, 146.84, 146.77, 
145.2, 141.4, 141.2, 136.7, 136.6, 129.6, 128.5, 128.2, 127.0, 126.8, 125.0, 124.4, 117.5, 
116.5, 113.98, 113.96, 108.34, 108.28, 100.82, 100.78, 99.1, 98.3, 79.0, 77.7, 55.3, 44.5, 
42.8, 39.4, 39.0, 32.2, 24.5. 
IR (thin film, cm-1): 2973.40, 2927.19, 1610.26, 1511.16, 1476.44, 1445.53, 1428.44, 
1373.43, 1272.87, 1243.96, 1163.70, 1149.01, 1107.80,1095.62, 1072.79, 1035.40, 938.83, 
911.00, 895.01, 858.75, 829.18, 758.98, 731.59, 699.19.  








The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles was followed. The solution turned red upon addition of iron and was 
allowed to stir at 60 °C for 6 hours. The crude mixture was purified by column 




was isolated as a white solid in 86% yield, 0.2929 g, 6:1 dr. A trituration in hexanes 
afforded 0.2474g, 0.724 mmol, 72% yield, 11:1 dr.  The spectal data was in 
agreement with 2.36, synthesized with the general procedure for the 




The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles was followed.  The reaction stirred at 60 °C and was monitored by 
TLC and quenched after 24 h with a basic work up. The crude reaction mixture 
was purified by column chromatography, with SiO2 and an elution of 90:10 
hexanes:EtOAc.  (2.45) was isolated as a white solid upon concentrating under 
reduced pressure, 77% yield, 0.299 g, 6:1 dr, white solid; recrystallized with 
hexanes to give 68%, 0.2632 g, 12:1 dr. 
1H NMR (500 MHz, CDCl3): δ 7.52 (dd, J = 6.3, 3.2 Hz, 1H), 7.27-7.21 (overlap, 2H), 
9.19 (d, J = 9.0 Hz, 2H), 7.16 (dd, J = 6.3, 3.2 Hz, 1H), 6.90 (d, J = 9.0 Hz, 2H), 6.44 (s, 
1H), 6.43 (s, 1H), 5.39 (d, J = 4.5 Hz, 1H), 4.89 (d, J = 6.5 Hz, 1H), 3.84 (s, 3H), 3.79 
(s, 3H), 3.65 (s, 3H), 2.79 (dddd, J = 10.5, 6.5, 6.5, 4.5 Hz, 1H), 2.90 (dd, J = 15.0, 10.5 




13C NMR (125 MHz, CDCl3): δ 158.4, 150.2, 148.3, 144.4, 143.0, 142.5, 134.4, 130.2, 
129.1, 126.7, 125.1, 125.0, 113.83, 113.77, 112.2, 100.9, 80.7, 56.5, 55.8, 55.3, 46.2, 41.7, 
33.3. 
IR (thin film, cm-1): 2925.69, 1507.87, 1244.57, 1192.02, 1009.09, 760.19.  








The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles was followed.  The reaction stirred at 60 °C and was monitored by 
TLC.  After 6 hours the TLC showed consumption of the dienophile, the reaction 
was subsequently quenched with a basic workup. The crude reaction was purified 
by flash chromatography on alumina with an elution of 98:2 to 95:5 
hexanes:EtOAc. (2.46) was afforded in 70%, 0.2296g, 3:1 dr as a white solid.  A 




assignments are in agreement with the literature values. 14  The NMR data is 
provided to support the compound purity.   
1H NMR (500 MHz, CDCl3): δ 7.45 (d, J = 7.0 Hz, 2H), 7.37 (dd, J = 7.5, 7.5 Hz, 2H), 
7.31-7.28 (overlap 3H), 7.23-7.14 (overlap 3H), 6.50 (s, 1H), 6.22 (s, 1H), 5.80 (d, J = 
7.0 Hz, 2H), 5.10 (d, J = 11.0 Hz, 1H), 4.24 (dd, J = 12.0, 6.0 Hz, 1H), 2.36 (ddd, J = 
14.0, 6.0, 1.5 Hz, 1H), 2.21 (m, 1H).    
13C NMR (125 MHz, CDCl3): δ 150.4, 150.2*, 147.2*, 146.8, 146.2*, 144.8, 141.74*, 
141.66, 141.3*, 141.1, 128.73, 128.66*, 128.58, 128.49*, 128.48, 128.1, 127.8*, 126.8, 
126.5*, 126.11, 126.06*, 117.3, 114.5*, 109.1*, 108.5, 100.96*, 100.91, 98.7, 98.6*, 78.2, 
73.2*, 43.6, 40.8, 40.4*, 38.4* (* corresponds to peaks arising from the minor 
diastereomer). 
IR (thin film, cm-1): 3028.26, 2881.13, 1498.57, 1477.29, 1452.88, 1431.52, 1232.59, 
1180.55, 1145.53, 1092.34, 1036.65, 938.82, 920.87, 862.69, 834.14, 748.85, 696.76. 
MS (m/z): [M+H]+ calculated for C22H18O3 331.1; found 331.3. 
SMILES:C1(OCO2)=C2C=C(O[C@@H](C3=CC=CC=C3)C[C@H]4C5=CC=CC=C5)
C4=C1 
                                                 









The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles was followed. The reaction stirred at room temperature 3 hours.  The 
reaction was quenched with a basic workup with saturated sodium bicarbonate, 
extracted with 3 x 30 mL EtOAc, combined organic layers were rinsed with brine, 
dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure.  
The crude reaction was subjected to reducing conditions because the excess 
aldehyde and the product had the same rf. The crude reaction was dissolved in 2 
mL dry DCM, 18 mL MeOH, NaBH4 (80 mg) was added and stirred at room 
temperature for 2 hours.  The reaction was quenched with saturated NH4Cl, 
extracted with 3 x 30 mL EtOAc, combined organic layers were rinsed with brine, 
dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure.   
The crude reaction was purified by flash chromatography with silica and an 




4:1 dr.  The spectra assignments are in agreement with literature values.15 The 
NMR spectra are provided to support the spectral values.   
1H NMR (500 MHz, CDCl3): δ 7.38 (d, J = 8.5 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H), 6.94-
6.82 (overlap 4H), 5.06 (dd, J = 8.0, 1.0 Hz, 2H), 5.06 (dd, J = 11.5, 2.0 Hz, 1H), 4.20 
(dd, J = 12.0, 6.0 Hz, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 2.36 (ddd, J = 13.5, 6.0, 2.0 Hz, 
1H), 2.18 (ddd, J = 13.5, 12.0, 11.5 Hz, 1H).   
13C NMR (125 MHz, CDCl3): δ 159.4, 158.4, 150.4, 146.6, 141.5, 136.8, 133.3, 129.3, 
127.5, 117.6, 114.0, 113.9, 108.4, 100.8, 98.5, 77.9, 55.31, 55.28, 42.7, 40.6. 
IR (thin film, cm-1): 2953.56, 2937.18, 1613.81, 1511.13, 1476.64, 1434.97, 1305.73, 
1255.02, 1239.89, 1173.92, 1144.73, 1085.03, 1050.54, 1031.00, 935.26, 911.97, 874.04, 
831.63, 761.32, 564.20, 558.97, 545.00, 530.88, 526.97.   






                                                 








The general procedure for the multicomponent reaction with phenols, acetals, and 
dienophiles as followed.  The reaction was clear prior to the addition of the metal.  
After the iron was added the reaction turned brown. The reaction stirred at room 
temperature beginning for 2 hours and was then quenched with a basic workup.  
Purified by column chromatography with silica and an elution of 100 to 90:10 
hexanes:EtOAc.  After concentration, (2.48) was isolated as a white solid, 56% 
yield, 0.1006 g, 5:1 dr.  The spectra assignments are consistent with literature 
values.16 The NMR spectra are provided to confirm purity.   
1H NMR (500 MHz, CDCl3): δ 7.39 (m, 2H), 7.32 (m, 2H), 7.27-7.19 (overlap, 3H), 
6.92 (m, 2H), 6.48 (s, 1H), 6.21 (s, 1H), 5.84 (dd, J = 8.5, 1.5 Hz, 2H), 5.07 (dd, J = 11.5, 
1.5 Hz, 1H), 4.25 (dd, J = 12.0, 6.0 Hz, 1H), 3.82 (s, 3H), 2.25 (ddd, J = 13.5, 6.0, 1.5 
Hz, 1H), 2.20 (ddd, J = 13.5, 12.0, 11.5).  
13C NMR (125 MHz, CDCl3): δ 159.4, 150.5, 146.7, 144.8, 141.5, 133.2, 128.7, 128.4, 
127.5, 126.8, 117.3, 113.9, 108.4, 100.9, 98.6, 77.9, 55.3, 43.6, 40.5. 
                                                 





IR (thin film, cm-1): 2916.05, 2901.18, 2883.12, 1611.43, 1513.80, 1497.77, 1475.95, 
1452.31, 1430.68, 1243.71, 1174.79, 1141.76, 1085.96, 1028.05, 943.66, 918.98, 869.30, 
834.26, 774.41, 752.99, 703.14, 568.51, 553.55.  








The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles was followed. The reaction stirred at room temperature for 4 hours. 
The reaction was quenched with a basic workup and the crude reaction was 
purified by column chromatography with silica and an elution of 95:5 to 93:7 




The spectra data is in agreement with literature values.17 The spectra have been 
provided to confirm purity.   
1H NMR (500MHz, CDCl3): δ 7.59 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 8.5 Hz, 2H), 7.25 
(m, 1H), 7.10 (m, 2H), 6.93 (d, J = 8.5Hz, 2H), 6.51 (s, 1H), 6.22 (s, 1H), 5.86(d, J = 
12.5 Hz, 1H), 5.08 (d, J = 11.5 Hz, 1H), 4.88 (m, 1H), 3.82 (s, 3H), 2.48 (dd, J = 13.5, 
5.5 Hz, 1H), 2.05 (m, 1H).   
13C NMR (126MHz, CDCl3): δ 159.5, 159.4, 151.0, 150.8, 147.4, 146.9, 144.9, 144.3, 
141.9, 141.8, 133.1, 133.0, 132.7, 131.5, 129.6, 128.3, 128.16, 128.07, 127.7, 127.6, 127.3, 
125.0, 124.2, 116.3, 114.0, 113.9, 113.7, 108.9, 108.2, 101.03, 100.97, 98.9, 98.6, 77.8, 
72.8, 55.4, 55.3, 42.0, 40.4, 38.9, 35.7. 
IR (thin film, cm-1): 2889.19, 1514.86,1497.77, 1478.30, 1243.48, 1179.96, 1147.90, 
1119.99, 1082.81, 1028.65, 933.83, 913.23, 871.47, 833.90, 753.24.  





                                                 








The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles was followed with the exception that 5 mol% Iron Trichloride 
hexahydrate was added:  To an oven dried test tube equipped with a magnetic stir 
bar was added sesamol (0.276 g, 2.0 mmol, 2 equiv), benzaldehyde dimethyl acetal 
(0.300 mL, 2.0 mmol, 2.0 equiv), 2,3-benzofuran (0.110 mL, 1.0 mmol, 1 equiv) 
CHCl3 2mL, and lastly FeCl3•6H2O (27 mg, 5 mol% with respect to phenol).  The 
reaction vessel was capped with a septa, parafilmed and set to stir at 60 °C for 24 
hours. The crude reaction was purified by column chromatography, with SiO2 and 
an elution of 98:2 to 95:5 hexanes:EtOAc to afford (2.50) in 38% yield, 0.132g, white 
solid.  
1H NMR (500MHz, CDCl3): δ 7.61 (d, J = 7.3 Hz, 2H), 7.49 (d, J = 7.5 Hz, 1H), 7.39 
(dd, J = 7.3, 7.5 Hz, 1H), 7.19 (m, 1 H), 6.91 (dd, J = 7.5, 7.5 Hz, 1H), 6.72 (d, J = 8.0 
Hz, 1H), 6.33 (s, 1H), 6.26 (s, 1H), 5.92 (d, J = 7.5 Hz, 1H), 5.77 (dd, J = 11.5, 1.5 Hz, 
2H), 5.37 (dd, J = 7.5, 2.5 Hz, 1H), 4.27 (d, J = 2.5 Hz, 1H).  
13C NMR (126MHz, CDCl3): δ 160.7, 148.3, 146.3, 142.6, 137.3, 131.0, 130.5, 128.6, 




IR (thin film, cm-1): 2927.43, 1474.38, 1467.67, 1439.40, 1235.62, 1186.47, 1139.53, 
1040.36, 1032.08, 934.20, 872.68, 760.45, 700.85.  








The general procedure for the multicomponent reaction of phenols, acetals and 
dienophiles to afford benzopyrans was followed.  The reaction was run at 60 °C 
for 6 hours and was subsequently quenched with a basic workup.  The crude 
reaction mixture was purified by column chromatography with an elution of 
97.5:1.5 to 98:2 Hexanes:EtOAc to afford (2.51) as a white solid in 29% yield, 0.0934 
g, 14:1 dr.  
1H NMR (500MHz, CDCl3): δ 7.41-7.26 (overlap 5H), 6.54 (s, 1H), 6.05 (s, 1H), 5.82 




= 5.0 Hz, 1H), 2.15-2.09 (overlap, 2H), 2.03 (d, J = 3.0 Hz, 1H), 1.61 (m, 1H), 1.44 (m, 
1H), 1.23 (m, 1H), 1.16 (m, 1H), 1.06 (m, 1H). 
13C NMR (126MHz, CDCl3): δ 150.3, 145.9, 142.0, 141.3, 129.6, 128.7, 126.9, 125.6, 
106.9, 100.7, 99.7, 85.2, 55.1, 44.8, 43.2, 40.2, 33.4, 28.9, 24.7.  
IR (thin film, cm-1): 2957.32, 2924.44, 2873.25, 2853.87, 1474.03, 1440.50, 1141.45, 
1032.86.  





















 Benzopyrans are core structures found in many natural products and 
pharmaceuticals.  In our earlier studies disclosed in Chapter 1, o-hydroxybenzyl 
alcohols shown in (Figure 1. 19) were suitable benzomethane precursors in the 
synthesis of benzopyrans.  Recently, there have been several isolation reports of 
benzopyran natural products from Psidium guajava, a shrub found in tropical 
regions such as China, Vietnam and Africa.49-59 This plant produces the guava fruit, 




benzopyran meroterpenoid natural products have been tested in cellular assays 
against cancer cell lines to determine their cytotoxicity.51,52,55-58  We were drawn to 
the structural complexity of Psiguajadial F and sought to evaluate its cytotoxicity 




Natural Products Isolated from Psidium guajava 
 
 In the last decade, over 20 meroterpenoid natural products have been 
isolated from Psidium guava L. (Myrtaceae).49-59  The compounds in Figure 3. 1 
highlight the structural similarity that is conserved among the members of this 
family.  Each of these compounds has a common substituent pattern about the 
benzopyran core, including 4,6-diformyl-3,5-dihydroxyl substituents, a pendant 
phenyl ring and a fused hydrocarbon domain.  In many cases, the hydrocarbon 
fragment resembles a known natural sesquiterpene such as -caryophyllene, -
humulene, bicyclogermancene, or 3,5-cadinadiene.   
 Guajadial was the first natural product isolated from Psidium guava in 2007 




after fractional chromatography and characterized the product by 1H NMR, 13C 
NMR, HR-FAB-MS+, and IR.  The hydrocarbon portion of the natural product 
bears a striking similarity to -caryophyllene, a naturally occurring sesquiterpene 
found in both rosemary and sage.61,62   
 
  





 The hydrocarbon domain found in guajadial 3.6 has been identified in other 
natural products.  Meroterpenoids psidal A 3.5, psiguajadial G 3.7 and 
psiguajadial L 3.8 each contain a hydrocarbon domain with similarity to -
caryophyllene. Recently other meroterpenoids were isolated from Psidium guajava 
featuring a similar -caryophyllene domain but with different constitutional 
isomers.  In 2015, Ye isolated guapsidial A 3.21 and in 2017, Yin isolated psiguadial 
D 3.22.55,59  The arrangement of substituents about the benzopyran core differs in 
these three molecules.  Together these natural products (Figure 3.2) demonstrate 
the structural diversity among the family of natural products and suggest a highly 
convergent biosynthesis from analogous building blocks.  
 
 
Figure 3. 2. Isomeric members of the family featuring a different benzopryan core.   
 
Biosynthetic terpene synthesis from the mevalonate pathway and proposed biosynthetic 





 The terpene domains of meroterpenoid natural products are believed to 
arise from isoprene (C5) subunits.63  The meroterpenoid compounds isolated from 
Psidium guava contain both monoterpene (C10) and sesquiterpene (C15) synthons.  
The natural products included in Figure 3. 1 and Figure 3. 2 are those containing 
sesquiterpene derived regions.  Terpenes are formed from reactions of isoprenyl 
pyrophosphate (IPP) and dimethyl allyl pyrophosphate (DMAPP).  Sequential 
reaction of IPP and DMAPP afford higher order terpenes, such as Farnesyl 
diphosphate, which is the precursor to sesquiterpenes and a common biosynthetic 






Figure 3. 3 Terpene biosynthesis by the Melvonate pathway.  
 
 There are two proposed biosynthetic pathways for the synthesis of 
guajadial 3.6. Ye and coworkers suggested a cationic stepwise sequence from a 
benzomethane 3.26 (Figure 3. 4).53  The internal olefin of -caryophyllene reacts 
with the electrophilic methide carbon generating intermediate 3.28 with a new 
tertiary carbocation on the hydrocarbon.  An intramolecular reaction with the 






Figure 3. 4. Proposed Biosynthesis of Guajadial and Psidial A by Ye and Coworkers 
 
 The second proposed biosynthetic mechanism follows a concerted 
mechanism.  Liu and coworkers proposed a concerted [4+2] hetero-Diels–Alder 
(HDA) cycloaddition between an oQM and -caryophyllene (Figure 3. 5).49  The 
crucial difference between these two proposed routes is the diformyl 
phloroglucinol component and whether the reaction proceeds in a stepwise or 
concerted mechanism. As discussed in chapter 1, oQM’s can be depicted in 
canonical forms, such as a polarized zwitterion or a conjugated heterodiene.4  For 
this reason, the discrete intermediates for the biosynthesis of meroterpenoid 






Figure 3. 5. Proposed Biosynthesis of Guajadial by Liu and Coworkers 
 
Biological evaluation of Psidium guajava meroterpenoid Natural Products 
 
 The isolation chemists have tested many of the isolated meroterpenoid 
natural products for biological activity.  Psiguadials A-D have demonstrated nM 
IC50 values against HepG2 cells.51,52  Liu and coworkers tested psiguadials B-D 
against HCT116, CCRF-CEM, DU145, Huh7, and A549 cell lines to determine the 
compounds cytotoxicity and reported uM IC50 values.58 Yin and coworkers 
isolated psiguajadial F 3.10 along with ten new meroterpenoids and 17 known 
meroterpenoids.59  In this report, they tested the compounds against 
phosphodiesterase-4 (PDE4), a known target for asthma. 59  We sought to 
synthesize Psiguajadial F 3.10, and test the synthetic material for cancer cell 




Select previous syntheses of sesquiterpene meroterpenoid natural products psiguadial B 
and psiguajadial F 
 
Psiguadial B and psiguajadial F were attractive synthetic targets due to their 
structural complexity and documented biological activity.  There are two earlier 
syntheses of psiguadial B, and one synthesis of psiguajadial F.64, 65  The Reisman 
lab reported the first enantioselective total synthesis of psiguadial B 3.9 in 2016 
(Figure 3. 6).64  Their approach demonstrates the utility of a tandem Wolff 
rearrangement/asymmetric addition of 8-aminoquinoline to a photolytically 
generated ketene 3.40 with (-)-cinchonidine.  The highest yield and selectivity was 
obtained with 50 mol % catalyst on 0.10 mmol scale of 3.38.  On a 30 mmol scale of 
3.38, the catalyst loading was decreased to 10 mol % and the resulting amine was 
isolated in 62% yield, 79% ee, with 3 equivalents of 8-amino-quinoline.  A coupling 
of the cyclobutane 3.41 and alkyl iodide 3.43 with Pd(OAc)2 provided the cis-
cyclobutane 3.44.  Reduction of the cis-amide to the cis-aldehyde followed by 
epimerization with KOH provided the trans-cyclobutane.  After an 
enantioselective formation of the cyclobutane ring, their approach proceeds in a 
linear sequence.  A Hoyveda-Grubbs II catalyzed RCM formed the D-ring of the 




synthesis with an intramolecular O-arylation reaction performed with CuI.  In 
total, the Reisman synthesis is 15 steps and proceeds in less than 1% overall yield 











 The Cramer laboratory reported a convergent gram-scale biomimetic 
synthesis of psiguadial B in 2017 (Figure 3. 7).65  Their approach uses diformyl 
phloroglucinol, benzaldehyde, and -caryophyllene.  A cyclization reaction 
catalyzed by N,N’-dimethylethylenediamine (DMEDA) afforded psidal A 3.5, 
guajadial 3.6 and psiguadial B 3.9 in 37% yield.  After HPLC chromatography, they 
isolated the desired natural product, Psiguadial B in 8 % yield from their 54 mmol 
scale reaction.   
 
 
Figure 3. 7. Cramer’s gram-scale psiguadial B synthesis 
 
 In Cramer’s studies of psiguadial B, they designed experiments to test if the 
reaction proceeds through an HDA reaction.  They synthesized psiguajadial F and 
attempted to open the pyran ring and then close the ring to form psiguadial B 




B under either acidic or basic reaction conditions.  Their experimental results led 
them to conclude the formation of psiguadial B is through a cationic cascade and 
not a HDA reaction.    
 
 
Figure 3. 8. Cramer’s Mechanistic study.  
 
Retrosynthetic analysis of psiguajadial F 
 
The synthesis of psiguajadial F commenced as an application of the iron 
(III) mediated benzopyran formation methodology discussed in Chapter 1.  The 
synthetic challenges of the natural product include three contiguous stereocenters 
about the benzopyran ring, two quaternary centers, a trans-fused cyclobutane ring 
and a bicyclo[4.3.1]decane.  Our synthetic strategy focused on the formation of the 
benzopyran B-ring (Figure 3. 9).  We envisioned the target compound could arise 




application of our previously disclosed methodology in the synthesis of 
benzopyrans from o-hydroxybenzyl alcohols and olefins.  We sought to design a 
convergent synthesis and planned the route to the olefin beginning with materials 
from the chiral pool.   
 
 
Figure 3. 9. Retrosynthetic analysis of psiguajadial F  
 
Bredt’s Rule and empirical studies of anti-Bredt olefins  
 
 In the early nineteenth century, Professor Julius Bredt made the statement 
“the terminus of a double bond cannot exist at the bridgehead position of a 
bridged bicyclic system.”66 This became known as Bredt’s rule, which he proposed 
based on observations while studying the inherent strain in the polycyclic bridged 




(3.60) cannot undergo dihydrohalogenation, which led to his conclusions.  He later 
hypothesized that his rule would have a limit, and thus bridgehead olefins that do 
exist are considered “anti-Bredt” olefins.67  Bredt’s rule applies to bridge 
cycloalkanes only.   
 
 
Figure 3. 10 Bicyclic nomenclature for polycyclic alkanes and application of Bredt’s rule 
 
 Many scientists have been inspired by Bredt’s initial papers, and have 
designed experiments to test the limits of his rule.68  Moreover, these highly 
strained molecules have gathered a lot of attention from natural product and 
physical organic chemists; in many cases, structures with proposed bridgehead 
olefins have been reassigned.69  Prelog examined the condensation of cyclic 
heptanes or octanes with -keto-carboxylic esters to form bicyclo[X.3.1]alkenones 
(Figure 3. 11).70  From his experiments, he concluded that bicyclo[5.3.1]undecane 






Figure 3. 11 Prelog’s experiments with bicyclo[X.3.1]alkenones 
 
In a seminal review of anti-Bredt olefins, Buchanan highlighted the early 
progress by Prelog, and emphasized the limitations to his findings.71  First, 
Buchanan criticized the narrow substrate scope as Prelog exclusively tested 
cyclohexenones with the carbonyl in the smaller ring.  Second, Buchanan 
emphasized that Prelog’s experiments were tested under thermodynamic reaction 
conditions, allowing equilibrium to dictate the product outcome.   
 Fawcett presented an empirical method to predict the stability of 
bridgehead olefins and developed a simplified classification.72  For each 
bicyclo[m.n.o]alkene, he classified the “S value” where S represents the sum of m, 
n, and o.  Fawcett anticipated the stability to be related to the size of the alkane, 
and he differentiated between isolable and observable alkenes.  He concluded the 
S = 8 is on the cusp of being isolable.  There are two notable limitations to his 




is no way to differentiate the stability of different bicycloalkene isomers (Figure 3. 
12). 
 
   
Figure 3. 12 Fawcett’s S value and limitation  
 
 The limitations in Fawcett’s method were improved upon by Wiseman who 
contributed a critical observation to the field, based on the existing knowledge of 
cyclic alkenes.73  He depicted the bridged olefin in simplified cyclic rings (ab, ac, 
and bc) (Figure 3. 13, 3.25a) such that the olefin is endocyclic in two rings (ac and 
ab), and exocyclic in the third ring (bc).  Furthermore, he observed that in the two 
endocyclic rings, the olefin will be cis in one ring and trans in the other.  Wiseman’s 
contribution was to relate the stability of the bridgehead olefin to the stability of 
the closely related trans-cycloalkene.  He proposed that the bridgehead olefin will 




the bridgehead olefin is conceivable for compounds with only seven atoms in the 
larger ring.   
Wiseman tested his hypothesis with a synthesis of bicyclo[3.3.1]non-1-ene 
3.67.  The synthesis was successful with the penultimate step arising from a 
Hofmann elimination of a quaternary amine 3.66.  The bridgehead olefin was 
characterized by 1H NMR, mass spectrometry, and IR.  Furthermore, upon 
reaction with 80% aqueous acetone and a drop of 70% perchloric acid, they isolated 
bicyclo[3.3.1]non-1-ol 3.68 and confirmed a match with the literature sample.  
Wiseman’s simplification differentiates between the different possible olefin 
isomers for a bicycle[a.b.c]alkene and enables one to anticipate which bridgehead 
olefin isomer may be more stable.   
 
 
Figure 3. 13. Wiseman’s classification of bridgehead olefins and synthesis of bicyclo[3.3.1]non-
1-ene  
 
More recently, Scheyler has developed a new classification to evaluate and predict 




using MM1 force field calculations.  Initially, he considered the heats of formation 
for the most stable conformer of the alkane hydrocarbon in comparison to the 
cyclic alkene.  Next, the strain for the cyclic olefin was considered, and the 
difference between the two values is related to the heat of hydrogenation of the 
bicycloalkene.  After evaluating 54 bridgehead olefins, he presented his 
classifications based on the computed OS.  Olefins that have an OS ≤ 17 kcal/mol 
are classified as “Isolable” and are stable at room temperature.  These olefins can 
be used in chemical transformations, and in a spectroscopic evaluation.  
“Observable” olefins have an OS 17 kcal/mol ≤ OS ≤ 21 kcal/mol and are not 
isolable at room temperature, but they can be detected spectroscopically.  Lastly, 
“unstable” olefins have an OS ≥ 21 kcal/mol and are not spectroscopically isolable 












(OS) by olefin location kcal/mol 
1 2 3 4 5 
3 111 21.0     
4 211 33.2 25.0    
5 221 38.5 34.9    
 311 39.1  28.9   
6 222  40.4    
 321 36.7 27.2 28.6   
 411 37.8   35.0  
7 322  20.6 19.5   
 331 48.2  15.2   
 421 21.6 9.1  14.1  
 511 14.5    17.5 
8 332  18.9 4.7   
 422  7.9  8.2  
 431 22.0  3.0 2.5  
9 333   3.9   
 432  1.4 -7.2 -5.4  
 441 22.3   -1.5  
10 442  5.0  -13.0  
11 444    -14.1  
 






Additionally, Scheyler proposed a correlation between the thermodynamic 
stability of the bridgehead olefins and their reactivity.74  The chemical reactivity 
can be determined as the difference between the ground state energy and that of 
an excited state.  For a particular olefin, the Frontier Molecular Orbital (FMO) 
theory is often invoked to depict the Highest Occupied Molecular Orbital (HOMO) 
and the Lowest Unoccupied Molecular Orbital (LUMO).  In a bridgehead olefin, 
the p-orbitals are not parallel, meaning there is less favorable π donation from one 
p-orbital to the adjacent p-orbital.  The twisting of the π bond results in an increase 
in the HOMO energy and a decrease in the LUMO energy.  Thus, Scheyler 
proposes that the OS value and the chemical reactivity of the olefin can be 
explained using FMO analysis.   
 
 
Figure 3. 14. Shea’s mathematical representation of the distorted π bond to demonstrate Ƭ.   
 
The distortion in the π bond was further investigated by Shea. 75  In a 




in planarity results in some s-character donation into the p-orbitals inducing a 
rehybridization.  According to Shea, the net result is a pyramidalization of the sp2 
carbons.  This can be quantified by Ƭ, the measure of the angle between the axes 
of two p-orbitals (Figure 3. 14).75  In a planar molecule, Ƭ = 0°, as the p-orbitals are 
aligned.  Ƭ can also be measured by torsional angles between the vicinal atoms φ1 
and φ2where Ƭ = (φ1 + φ2)/2.  In his review, he provided two bicyclo[4.3.1] olefins 
(3.70 and 3.71) examples with Ƭ values of 6.8° and 3.9°.75,76   
 Professor Bredt’s historic rule highlights the challenge of our synthetic plan, 
which is the formation of the bridgehead olefin. The later studies by Prelog,70 
Fawcett,72 Wiseman,73 Scheyler, 74 and Shea75 places the synthetic task of our 
desired intermediate in the context of other known molecules.  Our retrosynthesis 
calls for the preparation and use of a bicylco[4.3.1]decene olefin.  According to 
Prelog, this would be impossible to synthesize.70  Fawcett would classify the olefin 
by its S value, where S = 4+3+1, or as S = 8.71  Fawcett would deem this intermediate 
to be on the boundary of being impossible to isolate.  Wiseman’s studies help us 
to predict the desired olefin’s geometry, namely that the olefin is cis in the hexene 
ring and trans in the nonene ring.73  Scheyler computed OS values for 
bicyclo[4.3.1]decene isomers.  Those studies reported the OS for bicyclo[4.3.1]dec-




bicycle[4.3.1]dec-1(10)-ene (22.0 kcal/mol).74  The core of our fragment most closely 
resembles bicyclo[4.3.1]dec-1(9)-ene with a reported OS of 3.0 kcal/mol.7  Schleyer 
classifies “Isolable” olefins as those with OS ≤ 17 kcal/mol.74  According to his 
classification, our desired olefin is isolable.  
 In recent years, Munro and coworkers isolated the first bicylco[4.3.1]decene 
3.72 from a marine sponge Eurpon sp. in New Zealand in 1988.77  Two years later, 
Cambie and coworkers isolated a similar bicyclo[4.3.1]deceneone 3.73 and a 
bicyclo[4.3.1]decaneone 3.74a and 3.74b as artifacts of the isolation.78  Decaneones 
3.74a and 3.74b demonstrate the susceptibility of the bridgehead olefin to react 
with water and protic solvents to release the ring strain.  Bridgehead olefins have 
been isolated in large bicyclic systems such as phomoidride D, cerorubenic acid-
III and Taxol.79-81  These natural products provide further evidence to support the 







Figure 3. 15 Anti-Bredt natural products isolated  
 
Results and Discussion 
 
Synthesis of (8R,9R)-Isocaryolane-8,9-diol (3.57) 
 
 The synthetic route to the terpene containing fragment 3.54 was inspired by 
known naturally occurring sesquiterpenes (Figure 3. 16).  In particular, the trans-
bicyclo[7.2.0]undecane motif occurs in two commercially available terpenes, -
caryophyllene 3.27 and caryophyllene oxide 3.75.  Moreover, Collado et al. have 
reported the preparation of a 1,2-diol sesquiterpenoid 3.57 containing the 
cyclobutane moiety from a caryophyllene derived allylic alcohol.82  More recently, 




Myrtaceae family.83  Each of these terpenes features the geminal dimethyl 
substituents at the desired position on the cyclobutane ring identical to that moiety 
found the natural product psiguajadial F.   
 
 
Figure 3. 16.  Retrosynthetic analysis of the bicyclo[4.3.1]decene and 1,2-diol.  
 
At the outset of our studies, we utilized the results reported by Collado and 
coworkers.82  The 1,2-diol 3.57 was proposed as a synthon to the bridgehead olefin 
as it contained both the desired (1S, 8R) diastereochemistry adjacent to the 
bridgehead methylene and the correct carbon connectivity of the tricyclic skeleton.  
Efforts to synthesize 3.57 by the reported conditions proved to be unfruitful.  First, 
a base mediated epoxide ring opening of caryophyllene oxide afforded the allylic 
alcohol in 91% yield.84  The allylic alcohol was subjected to conditions reported 
Collado and coworkers.83  In our trials, the 1,2-diol was consistently isolated as the 
minor adduct of the reaction. Under these conditions, the mass balance favored 




conditions allowed a Pinacol rearrangement to occur, enabling decomposition 
reaction pathways to dominate.85   
 
 
Figure 3. 17. Initial synthetic route to 3.57 using a sulfuric acid cyclization. 
 
 






Other acids reported in terpene cyclization and isomerization reactions 
were tested.  Gusevskaya et al. has investigated phosphotungstic heteropoly acid 
as a heterogeneous catalyst for isomerization of -pinene to (-)-camphene and 
longifolene to isolongifolene.86 This catalyst was effective at initiating reactivity, 
but the desired 1,2-diol did not form, and instead, more of the ketone and aldehyde 
adducts were isolated. Acid-mediated cyclizations of the allylic alcohol with 
phosphoric acid to form a bicyclo[4.3.1]decane were not successful.  Under the 
conditions tested no reaction occurred.   
  
 










time temp yield Recovery 
of ROHb 
1 1.0 0.1M 1 h 0 °C NR 98% 
2 1.0 0.2M 1 h 0 °C NR 91% 
3 1.5 0.1M 1 h 0 °C NR 93% 
4 1.5 0.2M 1 h 0 °C NR 88% 
5 1.5 0.2M 4 h 0 °C NR 94% 
6 1.5 0.2M 1 h 10 °C NR NA 
7 1.5 0.2M 1 h rt NR NA 
a. The reactions were run with 3.76 (200 mg, 0.9 mmol) and H3PO4 (1.5 equiv) in 
ether.  b. recovered alcohol after purification over Si2O. 
Table 3. 2. Attempts to isolate 1,2-diol with Phosphoric acid 
 
During our studies, we observed that the reactions with stronger acids were 
prone to several products favoring the formation of an aldehyde with a [4.2.1] 
skeleton.  At first, this product did not appear to be productive as it has a different 
core than the olefin we aimed to synthesize.  However, a ring expansion precedent 
by Dai and Davies encouraged us to use the aldehyde to our advantage.87  They 
reported a sequential Diels-Alder reaction between cyclopentadiene and -
unsaturated aldehydes to form isolable bicyclo[2.2.1]heptenes 3.79a-e, which 
rearranged in the presence of the aluminum trichloride to bicyclo[3.2.1]octenes by 





Figure 3. 20. AlCl3 mediated ring expansion by Dai and Davies87 
 In their report, Dai and Davies monitored the diastereomeric excess (de) to 
determine if there was a change in the enantioinduction during the ring 
expansion.87  The ring expansion of enantioenriched cyclohexene 3.33a proceeded 
with retention of the stereochemical information from the initial Diels-Alder 
reaction.  Additionally, the authors completed a deuterium labeling study to probe 
to the stereochemical outcome of the reaction, which supported the evidence for a 








Figure 3. 21. Mechanistic Studies of the reported AlCl3 mediated ring expansion by Dai and 
Davies. 
 
The results by Dai and Davies were motivating, and were seen as a potential 
solution to the problematic sulfuric acid catalyzed cyclization which afford several 
products (Figure 3. 17).  A ring expansion of the bicyclo[4.2.1]nonane 3.77 could 
proceed with three possible adducts, depending on which adjacent carbon 
migrated into the oxonium ion.  One of these alkyl migrations forms the 
bicyclo[4.3.1]decanone 3.78 which was previously isolated during the acid-
mediated cyclization reactions of the allylic alcohol.  In turn, we envisaged the 
ketone could be a synthetic precursor to the olefin (Figure 3. 22).   
 
 




 The aluminum trichloride mediated ring expansion reaction proceeded to 
form the desired ketone 3.78 (Table 3. 3).  The other possible ketone adducts were 
not observed.  The reaction performed best at shorter reactions times, and after 
two hours, 77% of the desired ketone product was isolated.  Increasing the reaction 
temperature to 25 C provided 3.78 in 88% conversion, measured by GC-MS. 
Finally, increasing the equivalents of aluminum trichloride up to 2.0 equivalents 
led to the highest isolated yield of 91%.    
 
 




1 1.1 0 °C 2 h 77% 17% 
2 1.1 0 °C 6 h 57% 32% 
3 1.1 0 °C 12 h 74% 17% 
4 1.1 25 °C 2 h 88% d 12% d 
5 1.5 0 °C 2 h <99% d  
6 2.0 0 °C 2 h 91%  
a. the reactions were run in oven dried glassware with dry DCM. b. Isolated 
yield after purification on silica chromatography, unless otherwise stated.  b. 
Recovered yield after purification on silica chromatography, unless otherwise 
stated.  d.  Indicates conversion by GC/MS.   




  The method by Dai and Davies proved to be useful for our synthetic needs.  
The next immediate goal was to access the bridgehead olefin.  We envisioned a 
regioselective enolization of the ketone and planned to trap the alkoxide with an 
electrophile followed by a reductive cleavage of the resulting ether.  This plan was 
unsuccessful. The base promoted enolization conditions tested resulted in the 
formation of trisubstituted enol ether products arising from the undesired enolate.  
The ketone is unsymmetric with one tertiary -proton and two secondary  -
protons.  The enol ethers isolated have formed from deprotonation of the more 
acidic hydrogen followed by trapping of the alkoxide to generate the more stable 









 After a set back with the enolate/reductive cleavage strategy, we pursued a 
different cyclization strategy.  Tkachev and coworkers reported the selective 
cyclization of -caryophyllene to a bicyclo[4.3.1]decene, which proved to be 
reproducible and afforded bridged bicyclic olefin 3.83 in 77% yield following their 
protocol (Figure 3. 24).88  A mechanism is proposed in their paper which supports 





Figure 3. 24. -caryophyllene cyclization with Mercuric (II) Acetate 
 
 




 The isolation of a bicyclo[4.3.1]decene confirmed that we could synthesize 
a bicylo[4.3.1]dec-1-ene.  Moreover, this purification protocol called for a sodium 
borohydride reduction, a distillation, an aqueous workup, and finally flash 
chromatography.88  In this experiment, the entire carbon framework, including the 
trans-cyclobutane was assembled in one step, albeit, with the incorrect 
diastereochemistry at the bridgehead junctions.  This cyclization proceeds with the 
methylene on the bottom face of the molecule and the synthesis of psiguajadial F 
required the opposite construction.   
 We later found the correct bond construction could be obtained using 
similar reaction conditions.  Tkachev and coworkers demonstrated the allyl acyl 
ether cyclized to the form the bicyclo[4.3.1]decane.88  We believed this intermediate 
could provide access to the 1,2-diol.  We initiated our studies with caryophyllene 
oxide and performed an epoxide ring opening reaction with LDA.  The reactive 
alkoxide was quenched with acetic anhydride to generate the allyl acyl ether in 
90% yield.  Cyclization of 2.5 g of the acyl ether with mercuric (II) acetate afforded 
the desired adduct in 41% yield.  This reaction was not without drawbacks.  First, 
the use of mercuric (II) acetate was not our first choice of metal salt, due to its 
associated toxicity.  Second, this reaction results in several byproducts, though 




reduced with LAH to furnish the 1,2-diol.  Previous studies highlighted the 
instability of the diol 3.57 in the presence of acid. The aldehyde and ketone 




Figure 3. 26. Mercuric (II) Acetate promoted cyclization to form the bicylco[4.3.1]decane core 
 
 
Figure 3. 27. Possible mechanism to account for the formation of 3.85 
 





 Our retrosynthetic plan to synthesize psiguajadial F required a reliable 
route to a [4.3.1] bridgehead olefin.  The synthetic bicyclo[4.3.1]decanediol 
contained all of the necessary carbons with the correct stereochemistry.  We 
hypothesized the Corey-Winter olefination reaction sequence would enable 
efficient access to our desired olefin in two steps (Figure 3. 28).89  Subjecting the 
diol to thiophosgene and pyridine furnished the thiocarbonate intermediate in 
moderate yield.  The thermal rearrangement with trimethyl phosphite led to 
decomposition likely due to the highly strained intermediate.   
  
 
Figure 3. 28. Synthesis of the thiocarbonate and unsuccessful Corey-Winter olefination 
 
 We needed to pursue another strategy to access the olefin.   With 1,2-diol in 
hand, we investigated an oxidative cleavage approach (Figure 3. 29).  Sodium m-
periodate on silica oxidized the diol in quantitative conversion by 1H NMR.  After 
filtration, a Wittig reaction on both the ketone and aldehyde functional groups 
provided the diene over two steps.  A Ring Closing Metathesis (RCM) was 




synthesize a highly strained cyclohexene and were thus unconcerned with the 
olefin regiochemistry.  If an olefin were to form, we expected it to be cis in the small 
ring and trans in the larger ring, as predicted by Wiseman.73   
 
 
Figure 3. 29. Oxidative cleavage and RCM Strategy to synthesize bicyclo[4.3.1]decene 3.54. 
 
 
entrya Catalyst time (h) yieldb  purity*c 
1 Grubbs II 0.5 75% 71% 
2 Grubbs II 1 72% 73% 
3 Grubbs II 1.5 52% 63% 
4 Grubbs II 4 28% 56% 
5 Grubbs III 1 18% 17% 
6 HG II 1 29% 53% 
a. The reactions were run in oven dried round bottom flasks, the diene 
was added neat and the atmosphere was purged under vacuum with 
Nitrogen five times.  b. yields are determined from the mass collected 
after purification over Si2O c. The purity was measured by GC/MS.  





 Grubbs II catalyst was employed to perform the RCM.  This catalyst was 
successful at 10 mol % loading, and the product mass was visible by GC-MS.  At a 
reaction concentration of 0.01 M, cross-metathesis byproducts were not observed.  
Under the conditions tested, the reaction never went to completion, a mixture of 
product and starting material was always isolated.  The loss of ethylene is an 
entropic force in RCM reactions.90  However, since our product forms a strained 
bicyclohexene, it is conceivable that this reaction is less entropically favored since 
the RCM introduces ring strain into the molecule. 
Experiments were designed to optimize the RCM.  GC-MS was used to 
determine monitor the amount of product formed and the consumption of starting 
material.  RCM is a reversible reaction and allowing the reaction to run longer was 
not successful.  At 0.5 h the conversion of diene to product by GC-MS was 71%.  
The conversion decreased after 1.5 hours to 63%.  Grubbs III and Hoyveda-Grubbs 
II catalysts were also tested.  Grubbs III was chosen because it is a more reactive 
catalyst and the first initiation step is believed to be faster.  Kinetic studies have 
shown the pyridyl ligand of Grubbs III dissociates quicker than the phosphine 
ligand of Grubbs II.91  Neither Grubbs III or Hoyveda-Grubbs II catalysts 




The RCM reaction was a sufficient synthetic route to form the olefin.  These 
reactions were filtered through a silica plug to remove the catalyst and 
concentrated under reduced pressure.  GC-MS was used to determine the purity 
of the olefin.  The crude mixture was used in excess in the next step of the 
synthesis.   
 The preparation of the o-hydroxybenzyl alcohols proceeded in good yields 
with both dimethoxy and dibenzyl protecting groups. These orthogonal protected 
diols allowed for different cleavage strategies later on in the synthesis.   
 
Figure 3. 30 o-hydroxybenzyl alcohol preparation 
 
Total Synthesis of Psiguajadial F 
 
Anhydrous iron trichloride mediated the benzopyran formation reaction 
between the o-hydroxybenzyl alcohol and olefin.  Initially, 3.56a and 3.54 were 
tested and afforded a mixture of 3.90a and 3.90b in moderate yields.  Deprotection 




benzyl ethers were pursued as a more labile protecting group strategy.  A rational 
design of experiments led to the use of an excess of the olefin, which was used as 
a crude mixture of olefin and unreacted diene and 30 mol % iron trichloride. A 
complex mixture of benzopyrans was observed and 3.91a, 3.91b and 3.92 were 
proposed structures.  A fourth component was isolated after purification and 
confirmed to be 3.93 by comparing to literature 1H and 13C NMR values.93  The 
proposed products of this reaction influenced the design of experiments.  We 
hypothesized a decrease in reaction concentration would reduce the side reactions 
between the diene and benzomethane.  Secondly, molecular sieves were chosen as 
a desiccant to limit the formation of 3.93 which we anticipated formed in a side 











Figure 3. 32. Initial test reaction with dibenzyl protecting groups.   
 
The reaction between 3.56b and 3.54 proceeded best at 4 °C with molecular 
sieves as a desiccant.  After 12 hours an 80% yield of benzopyrans 3.91a and 3.91b 
were isolated as a mixture of diastereomers, which was carried through the end of 
the synthesis.  A palladium/carbon hydrogenation cleaved the benzyl ethers to 
provide the diphenols 3.55a and 3.55b in 87% y.  A Rieche formylation afforded 






Figure 3. 33. Synthesis of psiguajadial F and 1’-epi-psiguajaidal F 
 
Determination of the predominant diastereomer 
 
 The mixture of the psiguajadial F 3.10 and 1’-epi-psiguajaidal F 3.94 was 
characterized.  The 1H and 13C NMR shifts were compared the literature values to 
support the formation of the natural product in this synthesis.  Notably, the 
aldehyde 13C NMR shifts match the literature value at (195.1ppm and 192.2 ppm).  
Moreover C1’ and C5 match the isolation sample 13C NMR shifts (37.9 ppm and 
43.4).  The C1’ C5 bond is formed during the critical iron trichloride mediated 
benzopyran formation step of the synthesis.  In the proton NMR spectra, there was 
match for the benzylic proton on the pyran ring at 3.77 (d, J = 8.0 Hz, 1H). The 1H 





Psiguajadial F 3.10 
Position  Isolated Compound 
(400 MHz, CDCl3)59 
Cramer’s  
Synthetic Compound  
(800 MHz, CDCl3)65 
Synthetic Compound 
(400 MHz, CDCl3) 
1 1.75, m  1.77–1.74 (m, 1H)  1.75 (m, 1H) 
2 
α 1.64, m; β 1.31, m  
1.68–1.62 (m, 1H),) 1.31–1.29 
(m, 1H) 
1.64 (m, 1H), 1.30 (m, 
1H), 
3 
α 1.95, m; β 1.80, m  
1.96 (ddd, J = 15.4, 11.3, 4.3 
Hz, 1H), 1.80 (dt, J = 15.1, 4.6 
Hz, 1H) 
1.96 (m, 1H ), 1.80 (m, 
1H) 
5 2.10, m  2.12–2.09 (m, 1H)  2.10 (m, 1H) 
6 
α 1.91, m; β 1.72, m  
1.93–1.87 (m, 1H), 1.74–1.69 
(m, 1H)  
1.91 (m, 1H), 1.72 (m, 
1H) 
7 
β 1.46, m; α 1.38, m  
1.50–1.45 (m, 1H), 1.39–1.36 
(m, 1H)  
1.46 (m, 1H), 1.36 (m, 
1H), 
9 2.16, m  2.19–2.14 (m, 1H) 2.17 (m, 1H) 
10 
α 1.51, m; β 1.32, m  
1.51 (dd, J = 9.9, 8.0 Hz, 1H), 
1.33 (t, J = 10.1 Hz, 1H 
1.51 (dd, J = 9.6, 1.6 Hz, 
1H), 1.33 (m, 1H) 
12 α 0.97, s  0.98 (s, 3H)  0.98 (s, 3H) 
13 β 0.99, s  0.99 (s, 3H)  0.99 (s, 3H) 
14 
a 1.59, d (12.8); b 1.39, 
d (12.8)  
1.60 (dt, J = 13.0, 1.9 Hz, 1H), 
1.40 (d, J = 13.0 Hz, 1H)  
1.59 (d, J = 13.0 Hz, 1H), 
1.39(d, J = 13.0 Hz, 1H), 
15 0.84, s  0.84 (s, 3H)  0.84 (s, 3H) 
1’ 
3.76, d (8.1)  
3.77 (d, J = 8.1 Hz, 1H) 3.77 (d, J = 8.0 Hz, 1H) 




10’/12’ 7.26, t (7.0)  7.28–7.24 (m, 2H) 7.26 (overlap, 2H) 
11’ 
7.29, t (7.0)  
7.20 (ddt, J = 7.9, 6.7, 1.3 Hz, 
1H) 
7.19 (m, 1H) 
14’ 10.09, s  10.09, s  10.09, s  
15’ 10.08, s  10.09, s  10.09, s  
5’-OH 13.48, s  13.48, s  13.48, s  
7’-OH 13.11, s  13.11, s  13.11, s  
 






Psiguajadial F 3.10 
Position  Isolated Compound (100 
MHz, CDCl3) 59 
Cramer’s  
Synthetic Compound 
(150 MHz, CDCl3)65 
Synthetic Compound 
(100 MHz, CDCl3) 
1  44.3, CH  44.4 44.4 
2  20.5, CH2
 
 20.6 20.5 
3  37.8, CH2 38.0 37.9 
4  85.0, C  85.1 85.0 
5  43.4, CH  43.5 43.4 
6  23.3, CH2 23.5 23.4 
7  32.6, CH2
 
 32.7 32.7 
8  33.3, C  33.5 33.3 
9  38.4, CH  38.5 38.5 
10  35.5, CH2 35.7 35.6 
11  34.7, C  34.8 34.7 
12  20.9, CH3 21.0 20.9 
13  30.6, CH3 30.7 30.6 
14  41.9, CH2 42.1 42.0 
15  26.5, CH3
 
 26.6 26.5 
1′  37.9, CH  38.0 37.9 
2′  103.2, C  103.4 103.2 
3′  162.8, C  162.9 162.8 
4′  104.0, C  104.2 104.4 
5′  168.4, C  168.5 168.4 




7′  169.6, C  169.8 169.6 
8’ 145.0, C 145.1 145.0 
9’/13’ 127.9, CH 128.0 127.9 
10’/12’ 128.3, CH 128.4 128.2 
11’ 126.3, CH 126.4 126.3 
14’ 191.5, CH 191.6 191.5 
15’ 192.2, CH 192.3 192.2 
 






Model study to afford diepi-psiguadial B and triepi-psiguadial B 
 
 Earlier in our synthesis, di-epi-bicyclo[4.3.1]decene was synthesized with 
the opposite stereochemistry in the bridged alkene.  The protocol enabled gram 
quantities of the olefin to be produced which was used to optimize the subsequent 
reactions for the benzopyran formation.  In a preliminary reaction, one equivalent 
of the diol and excess of the olefin with 20 mol % iron trichloride afforded a 62% 
yield as a mixture of diastereomers (Figure 3. 34).   
 
 
Figure 3. 34. Epibenzopyrans preliminary result. 
 
 Experiments were designed to optimize the benzopyran formation for yield 
and selectivity.  Increasing the amount of olefin up to 3 and 4 equivalents (Table 
3. 7, entry 1,2) resulted in higher yields of 78% and 89%, respectively.  Due to the 
labor required to synthesize the other olefin, we wished to find conditions to 




temperature to 4 °C and the concentration to 0.25 M provided the benzopyrans in 
90% yield (Table 3. 7, entry 3 vs. 1).  The addition of flame-dried, powdered 
molecular sieves increased the yield by a small percentage (Table 3. 7, entry 6 vs. 
5 and entry 8 vs. 7).  
The ideal reaction conditions for the psiguajadial F synthesis would be with 
1.0 equivalents of o-hydroxybenzyl alcohol to 1.0 equivalents of olefin.  However, 
we anticipated using a slight excess of the bridgehead olefin because it was utilized 
as a crude mixture in the reaction.  Nevertheless, we did try the dramatic reversal 
of the stoichiometry and obtained our lowest yield for this reaction, 49% y, 2.4:1 
dr (Table 3. 7 , entry 10). 
A reaction was carried under kinetic conditions to probe the 
diastereoslectivity.  At -30 C the reaction maintained the yield.  Under reduced 
temperatures we did not observe an improvement in the diastereomeric ratio.  The 
experimental evidence supports the reaction is under thermodynamic control, and 
forcing the reaction under kinetic conditions did not result in a dramatic change 

















yieldb drc additive 
1 1.0 3.0 30% rt 0.5 78% 2.5:1  
2 1.0 4.0 30% rt 0.5 89% 2.0:1  
3 1.0 3.0 30% 4 C 0.25 90% 2.4:1  
4 1.0 2.0 30% 4 C 0.25 87% 2.5:1  
5 1.0 1.2 30% 4 C 0.31 72% 2.3:1  
6 1.0 1.2 30% 4 C 0.31 81% 2.3:1 4 Å MS  
(0.1 g) 
7 1.0 1.5 30% 4 C 0.25 82% 2.4:1  
8 1.0 1.5 30% 4 C 0.25 84% 2.4:1 3 Å MS  
(0.1 g) 
9 1.0 1.5 30% -30 C 0.25 84% 2.2:1 3 Å MS  
(0.1 g) 
10 1.5 1.0 30% 4 C 0.25 49% 2.4:1 3 Å MS 
 (0.1 g) 
a. The reactions were run with 0.315 mmol of the limiting reagent for 24 h.  b. Yield represents 
an isolated yield after purification by Si2O chromatography. c.  the dr was determined by 1H 
NMR spectroscopy.     
Table 3. 7. Optimization for the psiguadial B epimers synthesis.    
 
 The model reaction was also used to investigate the scalability of the 
reaction.  We identified two results to test (Table 3. 8, entries 1,3) at increased 
reaction scale. At 1.2 mmol of the diol with 2.0 equivalents of olefin, the reaction 
afforded a 92% yield as a 2.2:1 mixture of diastereomers (Table 3. 8, entry 2).  At 




the benzopyrans in 76% y, 2.2:1 dr (Table 3. 8, entry 4).  In these experiments, we 







yieldb drc additive 
1 0.315 2 87% 2.5:1  
2 1.2 2 92% 2.2:1 3 A MS (.3 g) 
3 0.315 1.5 84% 2.4:1 3 A MS (.1 g) 
4 2.4 1.5 76% 2.2:1 3 A MS (.6g) 
a. The reactions were run with 1.0 equiv of the diol. b. Isolated yields after 
purification on Si2O.  c. The dr was determined by 1H NMR spectroscopy.     
Table 3. 8. Benzopyran optimization scale up.   
 
 The benzopyrans resulting from the diepibicyclo[4.3.1]decene 3.83 were 
carried through to the end of the synthesis to afford analogs of psiguadial B.  A 
hydrogenation reaction cleaved the benzyl ethers.  The Rieche formylations 
conditions were adapted from the final step of the Reisman synthesis of psiguadial 
B 3.9. 64  Following their protocol, the experiment was run -78 C to rt and the 
diformylated adducts were isolated in 34% yield (Table 3. 9, entry1). A slower 




to 53% (Table 3. 9, entry2).  In a final experiment, a temperature gradient was 
employed and provided the formylated benzopyrans with the highest yield to 
date (Table 3. 9, entry 3).   
 
 
entrya temperature time yieldb  drc 
1 -78 C to rt 2 h 34% 3.8:1 
2 -78 C to 0 C  5 h 53% 2.9:1 
3 -78 C 20 min, -30 C 2 h, 0 
C 2 h 
 59% 2.9:1 
a. The reactions were run in oven dried round bottoms flasks.  b. Isolated yields after 
purification on Si2O.  c. The dr was determined by 1H NMR spectroscopy. 






Figure 3. 35. Synthesis of 4,8-diepipsiguadial B and 1’,4,8-triepi-psiguadial B 
 
React IR experiment 
 
 Proposed biosyntheses of meroterpeniod natural products often suggest 
the formation of an oQM intermediate or a dipolar benzomethane intermediate, as 
described earlier in this chapter (Figure 3. 4 and 3. 4).  We designed experiments 
to determine if any spectroscopically observable intermediates could be monitored 
during the reaction.  An in situ reactIR experiment was executed using a Mettler 
Toledo React IR.  In this study, reactants were added sequentially to a flask at room 




scans to be taken throughout the duration of the experiment to observe the 
consumption of starting materials and formation of new molecules.   
 The react IR data was used qualitatively.  First, the decomposition of the 
starting materials was observed as the intensity of those vibrations decreased over 
time.  Second, the formation of product was visible and was confirmed with a 
blank of the product.  Third, the reaction is nearly finished within an hour at room 
temperature, indicating that the reaction does not need to run for 24 h or longer.  
Lastly, we did not observe the accumulation of any reaction intermediates 
spectroscopically.   
 
Biological Reevaluation of psiguajadial F, epi-psiguajadial F, and diepi-psiguadial B and 
triepi-psiguadial B. 
 
 Previously, the isolated sample of psiguadial B was tested against HepG2 
cells by Shao and coworkers and found to have an IC50 value of 46 nM.51  
Psiguajadial F was tested by Yin and co-workers against an asthma target (PDE4) 
and demonstrated 2.63 ±0.13 µM biological activity.59   
The synthesized natural product and synthetic natural product epimers 




cytotoxicity.  The synthetic compounds were evaluated against liver cancer cell 
lines QGY-7033 and SNU-423.  Unfortunately, the compounds were found to be 
inactive against these cell lines with GI50 values greater than 20 µM.   
 
 
 Cytotoxicity (GI50 μM) 
Compd(s) QGY-7033 SNU-423 
3.97a&b 47.9 56.9 
3.10 & 3.94 23.4 38.0 
FQI-1a 1.1-1.5 1.2-1.7 
GI50 Values against QGY-7033 and SNU-423.  a. Positive control.  
Table 3. 10. Cellular assays and GI50 determination performed by Niranjana Pokharel (Schaus 




 We have demonstrated the utility of our iron trichloride mediated 
benzomethane formation methodology in a concise synthesis of Psiguajadial F.  
The synthesis features a convergent strategy to form the benzopyran B-ring. The 
hydrocarbon fragment was synthesized using caryophyllene oxide, a 




to the bicyclo[4.3.1]decene relied on a RCM to form the olefin bond, an 
unprecedented solution to this synthetic challenge. The synthetic meroterpenoid 
compounds and epimers were tested against liver cancer cell lines and were found 







All 1H NMR and 13C NMR spectra were recorded using an Agilent 500 MHz 
VNMR spectrometer featuring a Varian ultra shielded magnet at ambient 
temperature in CDCl3 unless otherwise noted.  Select 1H NMR and 13C NMR 
spectra were recorded on an Agilent 400 MHz VNMR unity plus spectrometer 
with an Oxford Instruments superconducting magnet or an Agilent 300 MHz 
VNMR instrument featuring an Oxford super-conducting magnet equipped with 
an AutoSW probe. Chemical shifts were reported in parts per million relative to 
the CDCl3 as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, 
q = quartet, m = multiplet, br = broad), and coupling constants and integration.  
Infrared spectra were recorded on a Nicolet Nexus 670 FT-IR ESP 
spectrophotometer. Optical rotations were recorded on an AUTOPOL III digital 
polarimeter at 589 nm, at room temperature, and were reported as [α]T CD 
(concentration). High-resolution mass spectra were obtained using a Waters Q-
TOF API US by electrospray (ESI) at the Boston University Chemical 
Instrumentation Center.  Mass correction was done by an external reference using 




funding from the National Science Foundation (CHE 0443618).  Analytical thin 
layer chromatography (TLC) was performed using SORBTECH 0.25 mm Silica Gel 
HL TLC Plates w/UV 254.  Flash chromatography was performed using ZEOprep 
60 ECO 40-63 m ZEOCHEM silica gel or Sigma Aldrich Alumina Oxide.  All 
reactions were run in oven-dried glassware with magnetic stirring.   
 
HPLC grade toluene, methylene chloride, diethyl ether and tetrahydrofuran were 
purchased from Fischer and Sigma Aldrich and were dried by passing through a 
Solvent Purification System. Anhydrous chloroform stabilized with amylenes 
purchased from Sigma Aldrich was used as solvent for the reactions affording 
chromans.  Reagents were purchased from Sigma Aldrich, Strem, Alfa Aesar and 





nBuLi (12.4 mL, 1.6 M in hexanes) was added dropwise to a solution of diisopropyl 




chilled to 0 °C for 40 min in an ice water bath and.  A separate flask was charged 
with trans-caryophyllene oxide (3.96 g, 18.15 mmol, 1 equiv), and THF 15 mL.  This 
solution was chilled to 0 °C and added dropwise to the solution of LDA after 30 
min.  The reaction stirred at rt for 10 min and was then refluxed for 1 hour.  The 
reaction turned progressively more yellow over time. The reaction was chilled to 
0 °C in an ice bath and quenched with saturated ammonium chloride.  The organic 
layer was separated and the aqueous layer was extracted 3 x 50 mL ether.  The 
combined organic layers were washed 4 x 150 mL 5% LiCl aqueous.  The resulting 
organic layers were dried over anhydrous Na2SO4, filtered and concentrated under 
reduced pressure.  The crude residue was purified by flash column 
chromatography with silica, 98:2 to 90:10 hexanes:EtOAc to afford (3.76) as a clear 
oil, 3.6005 g, 16.34 mmol,  91% yield.  The spectral data is in agreement with 
literature values.18   
1H NMR (500 MHz, CDCl3): δ 5.05 (s, 1H), 4.97 (s, 1H), 4.79 (s, 1H), 4.77 (s, 1H), 
4.10 (m, 1H), 2.53(m, 1H), 2.40-2.28 (overlap, 2H), 2.06-1.93 (overlap, 2H), 1.87-1.70 
(overlap, 4H), 1.65-1.53 (overlap 3H), 1. 44 (dd, J = 4.0, 4.0 Hz, 1H), 0.99 (s, 6H).  
                                                 
18 Vogt, U.; Eggert, U.; Slawin, A. M. Z.; Williams, D. J.; Hoffmann, H. M. R.  Angew. 




13C NMR (125 MHz, CDCl3): δ 152.5, 151.4, 113.5, 109.2, 75.3, 54.3, 43.9, 37.1, 33.6, 
32.9, 32.7, 32.6, 30.8, 30.1, 22.1. 
IR (thin film, cm-1): 3361.46, 3075.48, 2955.87, 2931.05, 2860.98, 1640.23, 1452.50, 
1039.03, 1023.53, 903.11, 884.71.  
UPLCMS (m/z): [M+H]+ calculated for C15H24O 221.2; found 221.3. 






1H NMR (400 MHz, CDCl3): δ 9.40 (s, 1H), 1.81 (dd, J = 14.1, 8.7 Hz, 1H), 1.71-1.27 
(overlap, 13H), 0.98 (s, 6H), 0.95 (s, 3H).  
13C NMR (100 MHz, CDCl3): δ 204.1, 56.8, 49.2, 46.2, 45.4, 45.2, 42.0, 37.1, 33.4, 30.5, 
30.4, 27.0, 25.2, 22.0, 20.4. 
IR (thin film, cm-1): 2949.20, 2922.70, 2858.62, 1723.84, 1461.07, 1364.71, 463.46. 
UPLCMS (m/z): [M+H]+ calculated for C15H24O  221.2; found 221.2. 
[]D20 = +4.9  (c =  1.0, CHCl3) Lit value. []D25 = -2  (c =  0.25, CHCl3)19 
                                                 
19 Racero, J. C.; Macias-Sanchez, A. J.; Hernandez-Galan, R.; Hitchcock, P. B; Hanson, J. 








 (1S,2S,5R,8S)-1,4,4-trimethyltricyclo[6.3.1.02,5]dodecan-9-one (3.78) 
1H NMR (400 MHz, CDCl3): δ 2.50-2.31 (overlap, 3H), 2.21 (m, 1H), 1.99 (ddd, J = 
13.9, 9.1, 1.0 Hz, 1H), 1.79-1.05 (overlap, 10H), 0.93 (s, 3H), 0.88 (s, 3H), 0.84 (s, 
3H). 
13C NMR (100 MHz, CDCl3): δ 215.6, 46.1, 44.7, 42.0, 41.9, 36.6, 35.8, 32.9, 31.6, 
30.5, 29.7, 26.0, 25.5, 21.8. 
IR (thin film, cm-1): 2924.78, 2859.83, 1703.33, 1456.84, 1365.11, 1295.78, 1121.53, 
1109.66. 
GC-MS (m/z): [M]+ calculated for C15H24O 220.2; found 220.3. 
UPLCMS (m/z): [M+H]+ calculated for C15H24O  221.2; found 221.2. 
[]D23 = -30.0  (c =  2.86 mg/mL , CHCl3) , Lit value. []D20 = -13.3  (c =  2.93, CHCl3)20 
SMILES: O=C1CC[C@@]2(C)C[C@H]1CC[C@]3([H])[C@]2([H])CC3(C)C 
                                                 
20 Collado, I. S.; Hanson,J. R.; Hernandez-Galan, R.; Hitchcock, P. B; Macias-Sanchez, 









An oven dried flask with a solution of diisopropyl amine (0.175 mL, 1.2 mmol 1.3 
equiv) in diethyl ether 16.3 mL was charged with MeMgBr (0.408 mL, 1.24 mmol, 
3.0 M solution in ether).  This stirred at rt for 12 hours and became progressively 
more cloudy over time. After 12 hour a solution of ketone (0.200 g, 0.908 mmol, 1 
equiv) was in 3 mL ether was added. After 15 min followed by TMSCl (0.381 mL, 
3.0 equiv), Et3N (0.453 mL, 3.25 equiv), HMPA (0.087 mL, 0.5 mmol, 0.6 equiv).  
This stirred overnight and was diluted with ether, quenched with sat. sodium 
bicarbonate, extracted with 3x30mL ether.  Combined organic layers were dried 
over anhydrous sodium sulfate, filtered and concentrated under reduced 
pressure. The crude residue was purified by column chromatography with Silica 
and Hexanes to afford the silyl enol ether 0.2227g, 0.761 mmol, 84% yield. This 
procedure was adapted from a literature procedure.21  
                                                 




1H NMR (500 MHz, CDCl3): δ 4.75 (d, J = 5.9 Hz, 1H), 2.28 (m, 1H), 2.06-2.00 (m, 
1H), 2.98-1.83 (overlap, 2H), 1.71 (ddd, J = 15.9, 6.0, 2.6 Hz, 1H), 1.65 (dd, J = 13.4, 
2.3 Hz, 1H), 1.54-1.42 (overlap 4H), 1.38 (m, 1H), 1.22 (m, 1H), 1.10 (tt, J = 13.2, 4.2 
Hz, 1H), 0.95 (s, 3H), 0.92 (s, 3H), 0.20 (s, 9H).   
13C NMR (100 MHz, CDCl3): δ 153.7, 103.5, 47.5, 44.5, 41.3, 40.5, 38.1, 36.4, 32.8, 
30.63, 30.56, 30.53, 27.8, 26.4, 21.3, 0.4. 
IR (thin film, cm-1): 2950.17, 2928.96, 2867.19, 1654.75, 1461.31, 1369.87, 1363.81, 
1251.13, 1196.08, 1175.56, 1139.39, 953.92, 842.65, 751.31.  
GC-MS (m/z): [M]+ calculated for C18H32OSi 292.; found 292.3. 











Adapted from a procedure by Shea.22   
A solution of THF: DMPU (1:1, 16 mL total) was charged with iPr2NH (0.168 mL, 
1.2 equiv) was chilled to -78 C.  This stirred for 30 min, nBuLi (0.750 mL, 1.6 M 
in THF, 1.2 equiv, Aldrich) was added at -78 C.  This stirred at -78 C for 30 min 
and a solution of ketone (.220 g, 1.0 mmol, 1 equiv) in 3 mL THF was added 
dropwise.  atter 30 min, Tf2O (0.507 mL, 3.0 mmol, 3 equiv) and DIPEA (0.524 
mL, 3.0 mmol, 3.0 equiv) were added sequentially and stirred for 2 hours.  The 
crude reaction was quenched with saturated sodium bicarbonate, extracted with 
3x30mL ether, combined organic layers dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure.  The crude residue was 
purified by flash chromatography with silica and 100 to 98:2 hexanes:EtOAc to 
afford the enol triflate, 0.0663 g, 0.188 mmol, 19 % yield.  Additionally, the ketone 
was recovered 0.143 g, 0.652 mmol, 65% recovery.   
1H NMR (400 MHz, CDCl3): δ 5.74 (d, J = 6.2 Hz, 1H), 2.70 (brd, 1H), 2.07-1.89 
(overlap 3H), 1.85-1.76 (overlap 2H), 1.68 (dd, J = 13.6, 7.7 Hz, 1H), 1.59-1.49 
(overlap, 3H), 1.42 (m, 1H), 1.34-1.23 (overlap 2H), 0.97 (s, 3H), 0.94 (s, 3H), 0.88 
(s, 3H).    
                                                 




13C NMR (100 MHz, CDCl3): δ 152.9, 118.9, 118.5 (q, JCF = 318 Hz), 47.2, 44.8, 41.1, 
40.3, 37.0, 36.3, 32.9, 30.7, 30.5, 29.9, 27.5, 25.6, 21.1. 
IR (thin film, cm-1): 2953.67,2870.37, 1462.82, 1415.77, 1245.54, 1207.52, 1142.16, 
1046.74, 1016.67, 950.53, 871.02, 617.26, 512.04, 508.22 
GC-MS (m/z): [M]+ calculated for C16H23F3O3S  352.1; found 352.3.  







methanocyclobuta[5,6]cyclonona[1,2-d][1,3]dioxole-2-thione  (3.86) 
 
A solution of diol (0.03g, 0.126 mmol, 1 equiv), in 0.7 mL dry DCM was charged 
with thiophosgene (0.019 mL, 0.252 mmol, 2 equiv) at 0 C.  The ice bath was 




filtered to remove salts in a pipette column with silica and flushed with ether.  
The crude orange residue was concentrated under reduced pressure and purified 
by flash chromatography with silica gel 95:5 to 80:20 hexanes:EtOAc to provide 
the dioxole-2-thione 0.0219 g, 0.0781 mmol, 62% yield, pale yellow solid. 
1H NMR (500 MHz, CDCl3): δ 4.19 (dd, J = 12.5, 4.8 Hz, 1H), 2.25 (dd, J = 12.4, 2.1 
Hz, 1H), 2.18-2.08 (overlap 3H), 1.85 (m, 1H), 1.78-1.62 (overlap, 5H), 1.52 (d, J = 
12.5 Hz, 1H), 1.47- 1.37 (overlap 3H), 1.33 (dd, J = 10.2 , 10.2 Hz, 1H), 1.01 (s, 3H), 
0.98 (s, 3H), 0.92 (s, 3H).   
13C NMR (125 MHz, CDCl3): δ 193.5, 93.3, 90.3, 44.3, 43.1, 40.1, 39.0, 35.8, 34.7, 
34.6, 30.6, 29.7, 26.0, 22.0, 21.8, 20.5. 
IR (thin film, cm-1): 2953.09, 2923.92, 1319.01, 1310.61, 1293.29, 1276.93, 1265.78, 
1243.17.    
UPLCMS (m/z): [M+H]+ calculated for C16H24O2S 281.2; found 281.2. 










To an oven dried flask equipped with a magnetic stir bar was added Mg (0.6 g, 
24.7 mmol, 4.5 equiv), diethyl ether (4.2 mL), this stirred at 0 °C and bromobenzene 
was added dropwise (1.75 mL, 16.5 mmol, 3 equiv) and stirred at room 
temperature for 1 hour. A solution of aldehyde (1.0 g, 5.49 mmol, 1 equiv) was 
dissolved in diethyl ether 25 mL, and added to the grignard at 0 °C dropwise. This 
stirred at rt for 8 hours.  The reaction was monitored by TLC (15 % Ethyl Acetate 
in Hexanes, silica plate, stained with CAM). The reaction was quenched at 0 °C 
with sat. NH4Cl and extracted with 3x30 mL ether, combined organic layers were 
rinsed with brine, dried over anhydrous sodium sulfate and concentrated under 
reduced pressure. The crude residue was purified by column chromatography 
with silica and eluted 95:5 to 85:5 hexanes:EtOAc to afford (3.56a) as a white solid 
in 94% y.   
1H NMR (500 MHz, CDCl3): δ 8.59 (s, 1H), 7.41 (d, J = 7.5 Hz, 2H), 7.24-7.34 
(overlap, 3H), 6.38 (d, J = 3.0 Hz, 1H), 6.12 (d, J = 2.5 Hz, 1H), 6.02 (d, J = 2.5 Hz, 
1H), 3.77 (s, 3H), 3.72 (s, 3H), 2.67 (d, J = 3.0 Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ 160.9, 157.6, 142.6, 128.5, 127.8, 126.5, 107.7, 94.6, 




IR (thin film, cm-1): 3334.43, 2939.61, 1623.77, 1593.16, 1507.78, 1454.46, 1210.44, 
1144.02, 1095.12, 1051.59, 729.84, 697.39 514.40, 511.53.   






Prepared according to literature procedure.23 All analytical data was in accordance 
with the literature values.   
1H NMR (400 MHz, CDCl3): δ 12.50 (s, 1H), 10.18 (s, 1H), 7.41-7.34 (overlap, 10 H), 
6.12 (d, J = 2.0 Hz, 1H), 6.08 (d, J = 2.0 Hz, 1H), 5.08 (s, 2H), 5.07 (s, 2H). 
13C NMR (100 MHz, CDCl3): δ 191.8, 167.0, 166.2, 162.5, 135.6, 128.7, 128.4, 128.3, 
127.6, 127.3, 106.2, 94.1, 92.3, 70.4. 
Rf= 0.47 (85:15 Hexanes:EtOAc) 
IR (thin film, cm-1): 3033.28, 2885.02, 1632.72, 1582.17, 1499.85, 1454.21, 1434.75, 
1383.34, 1367.71, 1328.60, 1295.94, 1214.47, 1202.69, 1165.07, 1107.06.   
HRMS (m/z): [M+H]+ calculated for C21H18O4 335.1283; found 335.1295. 
                                                 









To an oven dried flask equipped with a magnetic stir bar was added Mg (0.180 g, 
7.4 mmol, 4.5 equiv), diethyl ether (1.25mL), this stirred at 0 °C and bromobenzene 
was added dropwise (.520mL, 4.93 mmol, 3 equiv) and stirred at room 
temperature for 30 min. A solution of aldehyde (.55 g, 1.65 mmol, 1 equiv) was 
dissolved in diethyl ether 7.5 mL, and added to the grignard at 0 °C dropwise.  An 
additional 10 mL of diethyl ether was used in the transfer of the aldehyde due to 
poor solubility. This stirred at rt for 2 hours at rt. The reaction was monitored by 
TLC (15 % ethyl acetate in hexanes, silica plate, stained with CAM).  The reaction 
was quenched at 0 °C with sat. NH4Cl and extracted with 3x30 mL ether, combined 
organic layers were rinsed with brine, dried over anhydrous sodium sulfate and 
concentrated under reduced pressure. The crude residue was purified by column 
chromatography with silica and eluted 95:5 to 60:40 hexanes:EtOAc to afford 




1H NMR (400 MHz, CDCl3): δ 8.73 (s, 1H), 7.44-7.26 (overlap, 13H), 7.22 (m, 2H), 
6.40 (d, J = 2.8 Hz, 1H), 6.22 (d, J = 2.0 Hz, 1H), 6.17 (d, J = 2.0 Hz, 1H), 4.99 (s, 2H), 
4.93 (s, 2H), 2.66 (d, J = 2.8 Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ 160.0, 157.6, 156.6, 142.5, 136.8, 136.6, 128.6, 128.51, 
128.46, 128.03, 127.94, 127.86, 127.6, 127.4, 126.6, 107.9, 95.8, 92.8, 72.3, 70.3, 70.1. 
Rf= 0.15 (85:15, Hexanes:EtOAc) 
IR (thin film, cm-1): 3298.83, 3062.03, 3031.38, 1623.98, 1592.95, 1502.23, 1453.56, 
1375.97, 1217.51, 1146.98, 1090.08, 1075.33, 1028.69, 736.85, 696.81. 








 nBuLi (12.4 mL, 1.6 M in hexanes) was added dropwise to a solution of 
diisopropyl amine (2.8 mL, 19.9 mmol, 1.1 equiv) in 50 mL THF at 0 °C.  The 




was charged with trans-caryophyllene oxide (3.96 g, 18.15 mmol, 1 equiv), and 
THF 15 mL.  This solution was chilled to 0 °C and added dropwise to the solution 
of LDA after 10 min.  The reaction stirred at rt for 10 min and was then refluxed 
for 2 hours at 65 °C.  The reaction turned progressively more yellow over time. 
The reaction was chilled to 0 °C in an ice bath and quenched with acetic anhydride 
(2.6 mL, 27.0 mmol, 1.5 equiv).  The reaction was allowed to stir at rt overnight 
and was quenched the next morning with saturated ammonium chloride.  The 
organic layer was separated and the aqueous layer was extracted 2 x 50 mL ether.  
The combined organic extracts were washed 4 x 150 mL 5% LiCl aqueous.  The 
resulting organic layers were dried over anhydrous Na2SO4, filtered and 
concentrated under reduced pressure.  The crude residue was purified by flash 
column chromatography with silica and eluted with 98:2 to 90:10 hexanes:EtOAc 
to afford (3.84) 4.2214g, 17.97 mmol, 90% yield, as a clear oil. 
1H NMR (500 MHz, CDCl3): δ 5.14 (dd, J = 9.2, 4.2 Hz, 1H), 5.05 (s, 1H), 4.99 (s, 1H), 
4.81 (s, 2H), 2.47 (ddd, J = 13.0, 4.0, 4.0 Hz, 1H), 2.39-2.28 (overlap, 2H), 2.07 (m, 
1H), 2.04 (s, 3H), 2.02-1.89 (overlap, 2H), 1.82-1.71 (overlap, 3H)),1.64-1.50 
(overlap, 3H), 0.99 (s, 6H). 
13C NMR (100 MHz, CDCl3): δ 170.3, 151.7, 147.2, 115.5, 109.4, 76.8, 54.6, 44.0, 36.8, 




Rf = 0.80 (85:15, hexanes:EtOAc) 
IR (thin film, cm-1): 2952.08, 2930.84, 2862.45, 1738.89. 1640.04, 1450.90, 1368.63, 
1242.07, 1045.99, 1018.25, 963.62, 886.56.   
UPLC-MS(m/z): [M+H]+ calculated for C17H26O2  263.2; found 263.3. 







A solution of acetyl diene (2.25 g, 8.57 mmol, 1 equiv.), THF:H2O (1:1) 125 mL was 
charged with Hg(OAc)2 (5.0 g, 1.83 equiv.).  The suspension stirred at rt for 48 
hours.  The crude reaction was treated with a solution of NaBH4 (0.5 g, 2.0 equiv.) 
in 3N NaOH 12.5 mL at 0 °C.  This stirred for 4 hours and was quenched with 
water.  The biphasic solution was separated.  The aqueous solution was extracted 
with ether 3x.  Combined organic extracts were washed with brine and 




chromatography with silica and 95:5 to 50:50 hexanes:EtOAc to afford the acyl 
ether (0.9869 g, 3.59 mmol, 41% y, clear oil.).  
1H NMR (400 MHz, CDCl3): δ 5.15 (dd, J = 9.1, 4.2 Hz, 1 H), 5.05 (s, 1 H), 4.99 (s, 1 
H), 4.81 (s, 2 H), 2.47 (ddd, J =13.0, 4.2, 4.2, Hz ,1 H), 2.40-2.28 (overlap 2 H), 2.06 
(m, 1H), 2.04 (s, 3H), 2.20-1.89 (overlap 2 H), 1.82-1.71 (overlap 3 H), 1.64-1.48 
(overlap 3H), 0.99 (s, 6H).  
13C NMR (100 MHz, CDCl3): δ 171.6, 81.4, 75.2, 48.6, 45.4, 38.3, 37.3, 36.0, 34.8, 34.0, 
32.7, 30.6, 26.2, 25.9, 21.3, 21.1, 20.7. 
Rf= 0.64 (50:50 hexanes:EtOAc) 
IR (thin film, cm-1): 3454.30, 2984.12, 2862.91, 1736.17, 1720.38, 1461.33, 1372.42, 
1245.19, 1041.90, 997.55, 973.69, 939.92, 866.30, 486.45.   
GC-MS (m/z): [M]+ calculated for C17H28O3  280.2; found 280.3. 










 A solution of acetyl (0.176g, 0.628 mmol, 1 equiv) in 6 mL diethyl ether at 0 °C was 
charged with a solution of LAH (0.036 g, 1.5 equiv) in 1.3 mL diethyl ether.  The 
reaction stirred at 0 °C for 1.5 h and was quenched with 0.036 mL H2O, 0.5 mL 10% 
NaOH aq, 0.1 mL H2O following the Fieser method.  Once quenched, the layers 
were separated in a sep funnel, and the aqueous layer was extracted twice with 
diethyl ether.  Pooled organic extracts were washed with brine and dried over 
anhydrous magnesium sulfate, filtered and concentrated under reduced pressure.  
The crude clear residue was purified by column chromatography with silica and 
eluted with 75:25 to 40:60 hexanes:EtOAc to afford (3.57) 0.1051 g, 0.44 mmol, 70% 
y. white solid. The NMR assignments are in agreement with the literature values.24 
1H NMR (400 MHz, CDCl3): δ 3.49 (dd, J = 11.6, 5.6 Hz, 1H), 2.07-1.95 (overlap, 
2H), 1.85-1.53 (overlap, 6H), 1.50-1.44 (m, 1H), 1.42-1.22 (overlap, 7H), 0.98 (s, 3H), 
0.97 (s, 3H), 0.79 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ 79.0, 76.8, 48.0, 45.0, 37.7, 37.5, 35.8, 34.9, 33.2, 32.6, 
30.6, 28.4, 26.0, 20.7. 
Rf= 0.20 (50:50 Hexanes:EtOAc) 
                                                 
24 Racero,J. C.; Macias-Sanchez, A. J.; Hernandez-Gala, R.; Hitchcock, P. B.; Hanson, J. 




IR (thin film, cm-1): 3386.51, 2947.14, 2862.74, 1460.83, 1364.16, 1303.78, 1261.23, 
1100.61, 1053.42, 1032.77, 1002.55, 970.12, 937.62, 908.26, 861.98, 732.45, 657.02, 
597.68, 444.91. 
UPLCMS (m/z): [M+H]+ calculated for C15H26O2  238.2; found 238.2. 
[]D23 = -4.6  (c = 0.5, CHCl3), lit.  []D25 = +3  (c = 0.5, CHCl3)25  
The rotation was take with different samples on different days and consistently 





Preparation of the diene (3.54)  
 
Representative Procedure:  
NaIO4 (0.359 g, 1.67 mmol, 2.0 equiv) was dissolved in 1.20 mL hot water (at 70 
C), and silica was added with vigorous stirring and vortexing until a powder was 
                                                 
25 Racero,J. C.; Macias-Sanchez, A. J.; Hernandez-Gala, R.; Hitchcock, P. B.; Hanson, J. 




obtained.  The powder was dissolved in DCM 6 mL. It is imperative that the 
heterogeneous solution stirs well and has uniform consistency (no chunks).    A 
solution of diol (0.200g, 0.839 mmol, 1 equiv) in 2.4 mL DCM was added dropwise 
at rt.  The reaction stirred for two hours at rt.  At various times the round bottom 
was swirled by hand and vortexed to mix up the silica.  After two hours, the 
starting material was consumed by TLC, the crude reaction was passed through 4 
pipette columns packed with cotton and sodium sulfate.  The crude reaction was 
transferred with more DCM, and the pipet columns were washed with DCM 
several times.  The resulting clear solution was concentrated in vacuo. 
A separate flask equipped with a magnetic stir bar was charged with 
methyltriphenylphosphonium bromide (9.29 g, 26 mmol, 31 equiv) and THF 16 
mL.  A solution of potassium t-butyloxide (2.73 g, 24.33 mmol, 29 equiv) in 14 mL 
THF was added.  The solution turned yellow upon addition of the base.  This 
solution stirred at rt for 2 h and was transferred to a stirred solution of crude 
aldehyde in 18 ML THF.  This stirred for 4 h, quenched with water, extracted with 
diethyl ether 2x, washed with 3 x 100 mL 5% LiCl aqueous, dried over anhydrous 
sodium sulfate, filtered and concentrated under reduced pressure.  Purified by 
column chromatography with silica and hexanes to afford (3.54) as a clear oil 






1H NMR (500 MHz, CDCl3): δ 9.75 (s, 1H), 2.51-2.27 (overlap, 6H), 1.89-1.75 
(overlap, 2H), 1.58-1.42 (overlap, 4H), 1.01 (s, 6H), 0.91 (s, 3H).    
13C NMR (75 MHz, CDCl3): δ 212.6, 202.3, 54.7, 46.3, 45.2, 43.8, 39.2, 35.5, 34.8, 34.3, 
33.6, 30.0, 23.8, 22.1, 20.9. 
Rf= 0.22 (85:15 Hexanes:EtOAc) 
IR (thin film, cm-1): 2952.61, 2862.78, 2716.77, 1724.14, 1697.25, 1460.98, 1386.52, 
1365.41, 1283.16, 1259.08. 
MS (m/z): [M+Na]+ calculated for C15H24O2  259.1; found 259.1. 







1H NMR (300 MHz, CDCl3): δ 5.81 (dddd, J = 16.8, 10.0, 6.8, 6.8 Hz, 1H), 4.99 (dd, J 




2.4 Hz, 1H), 2.28 (ddd, J = 12.8, 6.4, 4.0, 1H), 2.05 (d, J = 12.8 Hz, 1H), 2.01-1.90 
(overlap 3H), 1.88 (d, J =12.8 Hz, 1H), 1.81-1.66 (overlap 2H), 1.56 (m, 1H), 1.47 
(overlap, 2H), 1.40 (m, 1H), 1.30-1.14 (overlap 2H), 0.97 (s, 6H), 0.84 (s, 3H).  
13C NMR (100 MHz, CDCl3): δ 147.9, 139.9, 113.6, 113.5, 49.6, 44.6, 44.5, 41.0, 37.9, 
35.9, 35.2, 33.6, 30.3, 28.9, 28.4, 22.7, 21.6. 
Rf= 0.89 (85:15 Hexanes:EtOAc) 
IR (thin film, , cm-1): 3086.96, 2950.39, 2924.32, 2852.37, 1640.54, 1460.28, 1379.30, 
1364.24, 907.28, 892.16.  
GCMS (m/z): [M]+ calculated for C17H28 232.2; found 232.2. 







Sample Procedure:  A round bottom flask was charged with diene (0.22 mg, 0.95 




times.  The flask was charged with 75 mL dry PhCH3, Grubbs II (80 mg, 10 mol%, 
sigma aldrich) was added in one portion and this stirred at 70 °C for 1 hour. The 
flask was cooled to room temperature and the solution was filtered through a celite 
plug with hexanes.  The crude reaction was concentrated under reduced pressure.  
Purified by column chromatography with 100 % hexanes to afford 0.1906 g, 72% 
purity by GC/MS, 73% crude yield, clear oil.   
1H NMR (500 MHz, CDCl3): δ 5.40 (m, 1H), 2.33 (dd, J = 12.0, 7.1 Hz, 1H), 2.13-0.99 
(overlap 13 H), 0.96 (s, 3H), 0.90 (d, 6H) 
13C NMR (125 MHz, CDCl3): δ 141.6, 120.2, 47.6, 46.8, 43.8, 36.7, 36.2, 35.0, 33.1, 
33.0, 31.0, 30.5, 25.5, 22.6, 21.8. 
Rf= 0.95 (85:15 Hexanes:EtOAc) 
GC-MSMS (m/z): [M]+ calculated for C15H24  204.2; found 204.2. 
[]D23 = -84.0  (c = 1.0, CHCl3), sample was a mixture of olefin (3.54) to diene (3.88) 









The olefin was synthesized according to the literature procedure.26  The spectra 
assignments are in agreement with the literature values.  
1H NMR (500 MHz, CDCl3): δ 5.55 (m, 1H), 2.33 (m, 1H), 2.13-2.02 (overlap 2H), 
1.83 (d, J = 13.2 Hz, 1H), 1.62 (dd, J = 12.0, 1.2 Hz, 1H), 1.53 (m, 1H), 1.44-1.29 
(overlap 8H), 0.97 (s, 3H), 0.91 (s, 3H), 0.91 (s, 3H) 
13C NMR (100 MHz, CDCl3): δ 142.3, 126.9, 54.4, 45.7, 42.9, 35.8, 34.4, 34.1, 32.5, 
30.9, 29.9, 27.6, 24.3, 24.2, 21.8. 
Rf= 0.94 (85:15 Hexanes:EtOAc) 
IR (thin film, , cm-1): 2941.88, 2861.81, 1455.12, 1363.49, 794.92.   
GC-MS (m/z): [M+]+ calculated for C15H24  204.2; found 204.2. 





3.90a and 390b 
                                                 













To an oven dried rbf was added diol (29 mg, 0.11 mmol, 1 equiv), olefin (36 mg, 
1.0 equiv but mixed with diene starting material, only 63% olefin by NMR), CHCl3 
(0.22 mL, stabilized with amylenes) FeCl3 (3.6 mg, 20 mol%) The reaction stirred at 
rt for 4 h and was quenched with sat, aqueous sodium bicarbonate extracted with 
DCM 2x, washed with brined, dried over anhydrous Na2SO4, filtered and 
concentrated under reduced pressure.  The crude residue was purified by flash 
chromatography with silica and 100 to 98:2 hexanes:EtOAc to afford the chromans 
(0.0281 g isolated, 0.063 mmol, 58% yield, 5:1 dr). 
1H NMR (400 MHz, C6D6): δ 7.23 (d, J = 7.3 Hz, 2H), 7.14-7.09 (overlap 2H), 7.01 (t, 




1H), 3.37 (s, 3H), 2.95 (s, 3H), 2.16 – 2.03 (m, 2H), 1.89 – 1.83 (m, 1H), 1.73 (dq, J = 
7.7, 4.5 Hz, 1H), 1.64 – 1.59 (m, 1H), 1.49 (t, J = 5.0 Hz, 1H), 1.43 – 1.13 (overlap 9H), 
0.89 (s, 3H), 0.86 (s, 3H), 0.62 (s, 3H). 
13C NMR (101 MHz, C6D6) δ 160.4, 159.1, 155.1, 148.3, 128.2, 127.8, 127.5, 125.4, 
106.6, 94.0, 92.4, 80.5, 54.5 (2C), 44.6, 44.4, 41.5, 39.9, 38.4, 38.3, 35.4, 34.3, 32.7, 30.3, 
26.3, 23.6, 20.7, 20.4. 
HRMS (m/z): [M+H]+ calculated for C30H38O3  447.2899; found 447.3535. 













To an oven dried rft equipped with a magnetic stir bar was added, olefin (52 mg, 
60% purity by GC/MS, 0.15 mmol, 2 equiv), o-hydroxybenzyl alcohol (0.031, 0.076 
mmol, 1 equiv), 3 Å MS (50 mg, flame dried under vacuum), FeCl3 (4 mg, 30 mol% 
with respect to diol) and lastly CHCl3 (0.300 mL, 0.25 M with respect to diol). The 
reaction stirred at 4 C for 12 h and was purified by flash chromatography (0.0363g, 
0.0606 mmol, 80% y, 2.2:1 dr).   
1H NMR (500 MHz, CDCl3): δ 7.48-7.36 (overlap 4H),7.33 (m, 1H), 7.21-7.14 
(overlap 6H), 7.08 (dd, J = 8.0, 1.7 Hz, 2H), 6.73 (dd, J = 8.0, 1.5 Hz, 2H), 6.17 (d, J = 
2.5 Hz, 1H), 6.09 (d, J = 2.5 Hz, 1H), 4.98 (d, J = 4.5 Hz, 1H), 4.72 (d, J = 12.0 Hz, 1H), 
4.54 (d, J = 12.0 Hz, 1H), 3.76 (d, J = 8.0 Hz, 1H), 2.19 (m, 1H), 1,97-1.25 (overlap 14 
H), 0.99 (s, 3H), 0.98 (s, 3H), 0.79 (s, 3H).  
13C NMR (125 MHz, CDCl3): δ 158.9, 157.9, 154.8, 148.1, 137.0, 136.7, 128.5, 128.3, 
128.1, 127.94, 127.90, 127.7, 127.47, 127.45, 125.3, 107.1, 94.6, 93.6, 80.7, 70.0, 69.9, 
44.9, 44.3, 40.7, 39.5, 38.1, 37.7, 35.5, 34.7, 33.2, 32.5, 30.7, 26.6, 23.3, 20.9, 20.2. 
IR (thin film, cm-1): 2948.81, 2929.42, 2863.19, 1614.25, 1591.57, 1453.14, 1151.24, 
1101.76. 
HRMS (m/z): [M+H]+ calculated for C42H46O3  599.3525; found 599.3517. 













The spectral data is in agreement with the literature values.28   
1H NMR (500 MHz, CDCl3): δ 1.98 (ddd, J = 12.0, 12.0, 8.0 Hz, 1H), 1.82 (ddd, J = 
14.2, 8.0, 4.2 Hz, 1H), 1.77 (ddd, J = 12.9, 2.2, 2.2 Hz, 1H), 1.72 (m, 1H), 1.67-1.55 
(overlap 4H), 1.48 (dd, J = 9.6, 7.9 Hz, 1H), 1.44 (ddd, J = 12.9, 2.2, 2.2 Hz, 1H) 1.35-
1.27 (overlap 4H), 1.08 (m, 1H), 1.02 (d, J = 13.0 Hz, 1H), 0.98 (s, 3H), 0.97 (s, 3H), 
0.81 (s, 3H).   
                                                 





13C NMR (125 MHz, CDCl3): δ 73.9, 50.1, 46.2, 40.2, 40.0, 39.6, 38.1, 36.3, 34.5, 32.7, 
30.6, 30.0, 22.6, 20.7, 20.6. 













An oven dried round bottom flask was charged with chromans (3.91a,b) (0.040 g, 
0.067 mmol, 1 equiv), EtOH 12 mL, and Pd/C (0.071 g, 1 equiv, 10 w%, sigma 




through the solution via a H2 balloon.  After 24 hours, the crude reaction was 
filtered through a celite plug and washed with MeOH.  The crude solution was 
concentrated in vacuo and purified by flash chromatography with silica and 85:15 
to 70:30 hexanes:EtOAc. (0.0242 g, 0.058 mmol, 87% yield, white solid 2.5:1 dr).  
1H NMR (500 MHz, CDCl3): δ 7.34 (m, 2H), 7.30-7.24 (overlap,3H), 5.97 (d, J = 2.5 
Hz, 1H), 5.85 (d, J = 2.5 Hz, 1H), 4.77 (brs, 1H, -OH), 4.47 (brs, 1H, -OH), 3.73 (d, J 
= 9.0 Hz, 1H), 2.19 (m, 1H), 2.00-1.91 (overlap 2H), 1.88 (m, 1H), 1.80-1.76 (overlap 
2H), 1.73 (m, 1H), 1.61 (m, 1H), 1.50-1.44 (overlap 3H), 1.38 (m, 1H), 1.35 d, J, = 
13.0Hz, 1H), 1.32-1.27 (overlap 2H), 0.99 (s, 3H), 0.98 (s, 3H), 0.81 (s, 3H).   
13C NMR (125 MHz, CDCl3): δ 155.8, 155.6, 154.8, 144.6, 129.3 (2C), 128.6(2C), 127.5, 
104.4, 96.7, 96.4, 80.4, 44.9, 44.0, 40.3, 39.3, 37.8, 37.1, 35.4, 34.8, 33.5, 32.1, 30.7, 26.5, 
22.5, 20.9, 19.8. 
Rf=  0.03 (85:15 Hexanes:EtOAc) 
IR (thin film, cm-1): 3395.13, 2947.65, 2928.71, 2862.02, 1603.24, 1513.38, 1490.60, 
1452.46, 1364.68, 1287.32, 1287.32, 1251.22, 1234.23, 1221.48, 1143.60, 1070.15, 
1059.97, 1032.50, 1013.73, 907.86, 833.39, 701.30, 648.33, 525.03. 
HRMS (m/z): [M+H]+ calculated for C28H34O3  419.2586; found 419.2597. 











Psiguajadial F (3.10) and 1’-epi-psiguajadial F (3.94) 
 
The chroman (0.029 g, 0.0.069 mmol,1.0 equiv) was added to an oven dried rbf 
equipped with a magnetic stir bar and the atmosphere was exchanged under 
nitrogen 5x. The chroman was dissolved in 2.5 mL DCM, 
dichloro(methoxy)methane (0.160 mL, 1.7 mmol, 25 equiv) was added.  The 
reaction was cooled to -78 °C and a solution of TiCl4 was added (0.3 mL, 1.0 M in 
DCM, 4.87 equiv).  The reaction stirred at -78 °C for 20 min, -25 °C for 2 hours and 
was allowed to warm to 0 °C in an ice bath for 2 h.  Quenched with H2O, the 
extracted with DCM 3x, pooled organic extracts were washed with brine, dried 




crude residue was purified by flash chromatography with silica, 97:2:1 
Hexanes:EtOAc:AcOH to afford 3.10 and 3.94 0.0152 g, 0.032 mmol, 46 % y, 
1H NMR (400 MHz, CDCl3): δ 13.48 (s, 1H), 13.11 (s, 1H), 10.09, (s, 1H), 10.09 (s, 
1H), 7.26 (overlap, 2H), 7.19 (m, 1H), 7.13 (d, J = 6.8, Hz, 2H), 3.77 (d, J = 8.0 Hz, 
1H), 2.17 (m, 1H), 2.10 (m, 1H), 1.96 (m, 1H), 1.91 (m, 1H), 1.80 (m, 1H), 1.75 (m, 
1H), 1.72 (m, 1H), 1.64 (m, 1H), 1.59 (d, J = 13.0 Hz, 1H), 1.51 (dd, J = 9.6, 1.6 Hz, 
1H), 1.46 (m, 1H), 1.39(d, J = 13.0 Hz, 1H), 1.36 (m, 1H), 1.33 (m, 1H), 1.30 (m, 1H), 
0.99 (s, 3H), 0.98 (s, 3H), 0.84 (s, 3H).   
13C NMR (100 MHz, CDCl3): δ 192.2, 191.5, 169.6, 168.4, 162.8, 145.0, 128.2 (2C), 
127.9 (2C), 126.3, 104.1 (2C), 103.2, 85.0, 77.3, 77.0, 76.7, 44.4, 43.4, 42.0, 38.5, 37.9 
(2C), 35.6, 34.7, 33.3, 32.7, 30.6, 26.5, 23.4, 20.9, 20.5. 
Rf= 0.20 (97:2:1 Hexanes:EtOAc:AcOH) 
IR (thin film, cm-1): 3020.89, 2929.38, 1630.36, 1442.80, 1385.59, 1305.61, 1214.24, 
1138.28, 1031.56, 752.99, 668.25, 617.73, 469.72, 465.44. 
HRMS (m/z): [M+H]+ calculated for C30H34O5  475.2484; found 475.2494. 
[]D23 =  -18.2 (c = 0.25 mg/mL, CHCl3) (sample was a mixture of diasteroemers 
5:1), literature value for the single diastereomer is []D26 =  -50 (c = 0.2, CHCl3)29 
Psiguajadial F (3.10)  
                                                 





























An oven dried flask was charged with the o-hydroxybenzyl alcohol (0.130 g, 0.337 
mmol, 1 equiv), olefin (0.129 g, 0.630 mmol, 2.0 equiv), CHCl3 1.26 mL (0.25 M, 
with respect to diol), FeCl3 (0.016 g, 30 mol%).  This stirred at 4 C in the cold room 
for 24 hours and was concentrated on the rotovap with minimal heat before 
directly purifying by flash chromatography. The crude residue was purified by 
flash chromatography with silica, 100 to 80:20 hexanes:EtOAc to afford 0.1649 g, 
0.275 mmol, 87% yield.  2.5:1 dr white solid.   
1H NMR (500 MHz, CDCl3): δ 7.45 – 7.36 (m, 5H), 7.23 – 7.16 (m, 7H), 7.11 – 7.06 
(m, 2H), 6.81 – 6.76 (m, 2H), 6.19 (d, J = 2.4 Hz, 1H), 6.13 (d, J = 2.4 Hz, 1H), 3.93 (d, 
J = 8.0 Hz, 1H), 2.21 (dd, J = 13.7, 7.1 Hz, 1H), 1.95-1.20 (overlap 18H), 0.99 (s, 3H), 
0.98 (s, 3H), 0.75 (s, 3H). 
13C NMR (125 MHz, CDCl3): δ 158.9, 158.6*, 157.9, 156.3*, 155.3*, 155.1, 153.1, 148.5, 
146.8, 143.3*, 136.95, 136.94*, 136.90*, 136.7, 129.9, 128.5, 128.2*, 128.14, 128.05, 




113.2*, 107.6, 97.2*, 95.2, 94.2*, 93.8, 83.7*, 82.3, 70.03*, 69.96, 69.94, 69.7*, 51.0, 50.3*, 
48.3, 47.9*, 47.1, 45.3*, 44.1, 42.8, 40.3*, 39.5*, 39.1, 39.0*, 35.6, 35.5*, 35.1, 34.4*, 33.7, 
31.6*, 31.3*, 30.4, 30.2*, 30.0, 29.0*, 27.6*, 26.0*, 25.6, 24.5, 24.2, 21.3*, 20.4. 
(* indicates peaks arising from prominent minor diastereomer).  
Rf= 0.77 (85:15 Hexanes:EtOAc) 
IR (thin film, cm-1): 2944.74, 2925.06, 2862.42, 1615.48, 1591.56, 1491.79, 1453.51, 
1434.11, 1372.17, 1216.34, 1196.25, 1029.16, 1104.93, 1047.21, 1029.16, 749.68, 697.81.   
HRMS (m/z): [M+H]+ calculated for C42H46O3  599.3525; found 599.3506. 



























A flame dried round bottom flask was charged with chroman (0.418g, 0.69 mmol, 
1 equiv, initial DR is 2.2:1), EtOH 140 mL, and Pd/C (0.743 g, 1 equiv, 10 w%, 




of H2 bubbled through the solution via a H2 balloon. The reaction was filtered 
through a celite plug and washed with MeOH.  The crude solution was 
concentrated in vacuo. The crude residue was purified by flash chromatography 
with silica and 85:15 to 70:30 Hexanes:EtOAc to afford (3.96a and 3.96b) 0.2536, 
0.606 mmol, 87% y, white solid. 
1H NMR (500 MHz, CDCl3): δ 7.36-7.23 (overlap, 5H), 5.99 (d, J = 2.5 Hz, 1H), 5.86 
(d, J = 2.5 Hz, 1H), 5.05 (brs, 1H, -OH), 4.58 (brs, 1H, -OH), 3.85 (d, J = 11.5 Hz, 1H), 
2.31 (dt, J = 15.4, 4.8 Hz, 1H), 1.92 (m, 1H), 1.86 (m, 1H), 1.77 (m, 1H), 1.71 (d, J = 
13.7 Hz, 1H), 1.67-1.54 (overlap 4H), 1.50-1.40 (overlap 5H), 1.30 (m, 1H), 1.00 (s, 
3H), 0.99 (s, 3H), 0.78 (s, 3H).  
13C NMR (100 MHz, CDCl3): δ 155.8, 155.5, 155.3, 143.8, 129.3, 128.5, 97.1, 96.6, 82.0, 
51.7, 48.9, 47.2, 43.3, 43.2, 38.8, 35.7, 35.3, 34.2, 30.4, 30.2, 25.4, 24.9, 23.6, 20.3. 
IR (thin film, cm-1): 3370.56, 2945.38, 2924.88, 2862.60, 1606.79, 1458.95, 1142.37, 
1064.92, 753.31.   
HRMS (m/z): [M+H]+ calculated for C28H34O3  419.2586; found 419.2574. 

















4,8-diepi-psigudial B (3.97a) and 1’,4,8-triepi-psigudial B(3.97b) 
 
 
The chroman (0.05 g, 0.119 mmol, white solid) was added to an oven dried rbf 
equipped with a magnetic stir bar and the atmosphere was exchanged under 
nitrogen 5x. The chroman was dissolved in 4.25 mL DCM, 




reaction was cooled to -78 °C and a solution of TiCl4 was added (0.560 mL, 1.0 M 
in DCM, 4.87 equiv).  The reaction stirred at -78 °C for 5 min, -20 °C for 2 hours 
and was allowed to warm to 0 °C and stir at 0 °C for 2 hours in an ice water bath.  
Quenched with H2O, extracted with DCM 3x pooled organic extracts were washed 
with brine, dried over anhydrous sodium sulfate, filtered and concentrated under 
reduced pressure.  Purified by flash chromatography with silica, 97:2:1 
hexanes:EtOAc:AcOH to afford the diformyl chromans  3.97a, 3.97b, 0.0302 g, 
0.064 mmol, 53.3 % y, 2.9:1 dr, white solid. 
1H NMR (400 MHz, CDCl3): δ 13.49 (s, 1H), 13.10 (s,1H), 10.10 (s, 1H), 10.09 (s, 1H), 
7.26 (overlap, 2H), 7.20 (dd, J = 7.6, 1.6 Hz, 1H), 7.12 (dd, J = 6.8, 1.6 Hz, 2H), 3.88 
(d, J = 8.4 Hz, 1H), 2.34 (ddd, J = 15.4, 5.4 Hz, 1H), 1.99 (dd, J = 8.5, 4.4 Hz, 1H), 1.90 
(m, 1H), 1.80 (m, 1H), 1.72-1.58 (overlap 5H), 1.52-1.37 (overlap 5H), 1.32 (d, J = Hz, 
1H), 1.01 (s, 6H), 0.82 (s, 3H).  
13C NMR (100 MHz, CDCl3): δ 192.2, 191.5, 169.5, 168.4, 163.4, 144.2, 128.2 (2C), 
127.8 (2C), 126.3, 104.3, 104.2, 104.0, 86.7, 51.0, 48.3, 46.3, 44.8, 42.3, 37.5, 35.8, 35.1, 
34.2, 30.3, 30.0, 25.5, 24.2 (2C), 20.3. 
Rf= 0.16 (97:2:1, Hexanes:EtOAc:AcOH) 
IR (thin film, cm-1): 2948.08, 2927.62, 2864.31, 1633.67, 1444.81, 1307.47, 1185.74. 
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